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Risk management uses hazard identification, evaluation, and prioritization to develop and 
implement active strategies for avoiding, mitigating, or reducing potential consequences. To reduce public 
health risks from unexpected drinking water contamination, the World Health Organization and 
International Water Association have recommended proactive water safety planning since 2004. To 
evaluate whether and how these programs achieved expected outcomes, this research involved two 
observational studies that retrospectively measured changes in water quality, compliance, and health at 
water safety plan (WSP) implementation sites. Using a before-after associative study design, I confirmed 
that WSP implementation in two high-income countries corresponded to significantly improved rates of 
compliance with water quality standards. One location exhibited a significant 4% reduction in the 
incidence of acute gastroenteritis in the service area following WSP implementation, relative to a nearby 
comparison area with no WSP. The second study confirmed significant relationships between drinking 
water exposures (e.g., turbidity) and acute gastroenteritis rates at three locations, characterizing site-
specific risks. A mixed-methods study at one location further illustrated changes in operational 
performance following WSP implementation, demonstrating significant reductions in (a) the duration of 
low-chlorine events and (b) customer complaints about water quality. WSP outcomes are likely to vary 
depending on the program guidance and implementation methods (e.g., site-specific risks and control 
measures). Lastly, a participatory review study showed that WSPs satisfied many of the intervention 
characteristics valued by US drinking water utilities in the United States. It recommended integration of 
WSP principles with an existing nationwide voluntary program for source water protection. Based on this 
body of work, I conclude that systematically considering the implementation context and its relationship to 
outcomes can aid effective risk management program design, replication, and scale up. With concerted 
iv 
effort, drinking water risk management programs could benefit a greater proportion of the world’s 
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CHAPTER 1: INTRODUCTION 
Background 
Water, sanitation and hygiene (WaSH) are important prerequisites for human health in terms of 
both physical and social wellbeing, leading to better access to education, poverty reduction, and socio-
economic development (Mills & Cumming, 2016). Continued efforts to improve access to safe WaSH 
services can help to further reduce the global burden of disease (Troeger et al., 2017; Wolf et al., 2018) 
and ensure basic human rights are met (United Nations General Assembly Resolution 64/292, 28 July 
2010). From 2015 to 2030, the United Nations’ Sustainable Development Goal (SDG) 6 seeks to “ensure 
availability and sustainable management of water and sanitation for all” (UN General Assembly, 2015). 
Unlike the previous Millennium Development Goal targets, SDG 6 directly applies to all people, including 
hard-to-reach populations, in all countries. It similarly establishes a higher expectation for the level of 
drinking water services as “safely managed,” which requires that the water is accessible on premises, 
available when needed, and free from contamination, according to the World Health Organization (WHO) 
and United Nations Children's Fund (UNICEF) Joint Monitoring Programme for Water Supply, Sanitation 
and Hygiene (JMP) (WHO, 2017). An estimated 29% of the global population lacks drinking water that 
meets these criteria (WHO & UNICEF, 2017). Through 2030 and beyond, governments, WaSH 
researchers, service providers, development workers, and others will dedicate substantial effort to 
ensuring equity, sustainability, and sufficient access to water and sanitation services. 
Regrettably, WaSH development efforts to close this service gap have chronically suffered from 
(among other challenges) insufficient resources, difficulty replicating results across different settings, and 
poor coordination among global and local stakeholders (WHO & UN Water, 2012). These compounded 
challenges can perpetuate a vicious cycle of failure, especially where public services hold low political 
priority, challenge cultural norms, or have hard-to-observe outcomes. Sustainable WaSH development 
might be expedited through transparent, evidence-based decision-making, efficient translation of effective 
policies into practice, and monitoring and evaluation for continuous improvement. 
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Intervention 
This research centers on evaluation of one WaSH intervention – risk management among 
drinking water suppliers – intended to reduce health risks from unexpected failures or contamination 
events. The early roots of health risk assessment for public water supplies included sanitary inspection in 
the early 20th century (Wolman, 1921). Prevention of hazards, rather than retrospective product testing, 
represents a paradigm shift with origins in preparation of military artillery shells during WWII and food 
products for astronauts in the 1960s. The concept had spread to food safety applications for public 
consumption (especially for meat and poultry) by 1994, when the International Hazard Analysis and 
Critical Control Points (HACCP) Alliance formed. Iceland was the first country to legislate application of 
HACCP concepts to public drinking water supplies in 1995 (Gunnarsdottir & Gissurarson, 2008). 
Following a decade-long global consultation process, the third edition of the World Health Organization 
(WHO) Guidelines for Drinking Water Quality recommended Water Safety Plans (WSPs) as a proactive 
risk management approach for all drinking water utilities in 2004 (Bartram et al., 2009; WHO, 2004). 
These programs have since been adopted in more than 90 countries, and legally required in many, 
including Australia and the United Kingdom (WHO & IWA, 2017). Risk management requires both 
identifying high-priority risks and implementing proactive steps to mitigate hazards. Program components 
(adapted from Bartram et al., 2009) may include: 
1. Assemble a team. 
2. Describe the water supply system. 
3. Identify hazards and hazardous events and assess their corresponding risks (e.g., based on 
likelihood and consequences), considering existing control measures. 
4. Prioritize the risks and develop new control measures for high-priority risks. 
5. Define operational and compliance monitoring. 
6. Identify and implement needed infrastructure improvements or upgrades. 
7. Verify effectiveness of the risk management plan. 
8. Prepare and document management procedures (e.g., standard operating procedures, 
emergency response plans). 
9. Develop supporting programs (e.g., training, research and development, quality control). 
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10. Carry out review (e.g., audits) periodically and following incidents or near-misses. 
11. Update and revise the risk management plan. 
Multiple permutations and adaptations of risk management guidance have been developed, from 
governmental directives to third-party standards, at international, national, and subnational levels. While 
the WHO’s WSP guidance recommends managing risks from source to tap, some risk management 
programs address only subcomponents of the water system, such as source waters, water treatment 
facilities, and/or distribution systems. Local authority or circumstances (e.g., water transfers between 
utilities, property rights) may restrict the scope of programming or utility’s influence over risks. 
Alternatively, budget, expertise, or human resources capacity constraints may limit risk management 
programs. Flexibility in implementation approaches is often needed to adapt the intervention to a 
particular setting or context; however, excessive liberties could also lead to poor fidelity to the 
intervention, which may ultimately affect its outcomes and degree of social impact.  
In WaSH applications, simple interventions promote use of a single desired behavior or 
technology, such as a point-of-use water filtration device, among a specific group of people. Although 
definition might depend on the lens of analysis (Craig et al., 2013; Petticrew, 2011), “complex” 
interventions instead target multiple desired behaviors across multiple groups of people or levels of scale, 
such as vigilance toward diverse drinking water system hazards among utility employees, managers, and 
the wider community. Simple interventions are often narrowly specified and homogenous, while complex 
interventions such as WSPs have some degree of flexibility and heterogeneity, requiring users to balance 
fidelity to the original concept with adaptation to their particular context and setting (Allen, Shelton, 
Emmons, & Linnan, 2017; Bauman, Stein, & Ireys, 1991; Baumann, Cabassa, & Stirman, 2017). For 
example, the same basic steps to identify, prioritize, and manage risks may be followed, allowing case-
by-case determination of the number and type of risks actively managed, or the degree of documentation 
required (e.g., depending on the size and complexity of the system). 
Developers of the WSP guidance suggest they are not to be viewed as an out-of-reach add-on or 
applicable only to poor performers, as past risk avoidance does not confer immunity to future risks 
(Bartram et al., 2009). Both the WHO and International Water Association (IWA) Bonn Charter for Safe 
Drinking Water strongly recommend proactive risk management for all water suppliers in low-, middle-, 
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and high-income countries (IWA, 2004; WHO, 2004). WSPs are not included in the JMP definition of 
“safely managed” drinking water used to measure progress toward SDG 6 (WHO, 2017), but their status 
has been assessed separately (WHO & IWA, 2017). Low-and middle-income countries potentially have 
the most to gain from improved drinking water safety; however, this topic may similarly suffer from low 
political priority in high-income countries where the health and economic burdens of disease are less 
evident (Bartsch, Lopman, Ozawa, Hall, & Lee, 2016). A heavily regulated and technical culture, along 
with an entrenched individual contaminant monitoring approach, may reinforce widely standardized and 
reactive management (Amjad, Luh, Baum, & Bartram, 2016; Baum, Bartram, & Hrudey, 2016; Gullick, 
2014; Takala & Heino, 2017), forestalling investment in innovative or site-specific approaches. Public 
officials in high-income countries may not perceive drinking water as a prominent contributor to health 
risk, despite the preventable nature of waterborne disease, chronic lack of investment in aging 
infrastructure, and periodic high-profile incidents (Allaire, Wu, & Lall, 2018; Hupp Williamson, 2018; 
MacKenzie et al., 1994; Pieper, Tang, & Edwards, 2017; Thomasson et al., 2017). Recognition of the 
disparities within high-income countries is growing (Alston, 2018; Bain, Johnston, Mitis, Chatterley, & 
Slaymaker, 2018; Stillo & Macdonald Gibson, 2017). WSPs represent one option for improving standards 
of service in a manner adaptable to a variety of settings and resource levels (World Health Organization, 
2012), which could drive more equitable services (Ross, Winterford, & Willetts, 2019).  
Evaluation Frameworks 
Setting the stage for this body of research, evaluation literature suggested drinking water risk 
management programs have the potential to reduce the adverse impacts of drinking water contamination 
events worldwide and produce social, financial, public health, and environmental benefits (Gunnarsdottir, 
Gardarsson, Elliott, Sigmundsdottir, & Bartram, 2012; Kot, Castleden, & Gagnon, 2015; Kumpel et al., 
2016; String & Lantagne, 2016). Scientists, policymakers, and practitioners from many countries have 
actively engaged in developing evaluation methods, evaluating programs, sharing lessons learned, 
adapting guidance documents, and refining regional and national drinking water safety policies. To 
conceptually organize these efforts, models of the translational research-to-practice pipeline typically 
follow the stages of pre-intervention development, efficacy studies in controlled settings, effectiveness 
studies in applied settings, and then dissemination and implementation research, which spans 
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exploration, adoption/preparation, implementation, and sustainment (Brown et al., 2017). Some scholars 
argue that the boundaries between these distinct research traditions need not be strict, as this 
excessively widens the science-to-service gap. Instead, research types can be executed concurrently or 
blended into hybrid study designs (Chambers & Norton, 2016; Curran, Bauer, Mittman, Pyne, & Stetler, 
2012).  
Developing capacity for evaluation research and WSP scale-up requires sustainable and 
comparable metrics suited for a complex intervention. As a starting point, the US Centers for Disease 
Control and Prevention (CDC) developed an evaluation framework for WSPs (Gelting, Delea, & Medlin, 
2012), which follows a commonly used logic model, describing how WSP inputs and activities should 
theoretically lead to outcomes and impacts (Figure 1). Lockhart et al. (2014) further developed 
descriptions of indicators to evaluate each of the four WSP outcome areas. The WHO has likewise been 
working to establish and validate a set of promising outcome and impact indicators, including changes in 
water quality, consumer satisfaction, disease incidence, and formal policies or regulations (Kumpel et al., 
2016, 2018) as well as added measures around equity and climate readiness.   
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Figure 1. Water Safety Plan evaluation framework proposed by Gelting et al. (2012)1 
Building on efforts to evaluate WSP effectiveness, consideration of context and implementation 
processes is recommended when scaling up potentially effective but complex public health interventions 
into common practice (C. R. May, Johnson, & Finch, 2016; Pfadenhauer et al., 2017). Improved 
understanding of the interplay among inputs, setting, context, and expected outcomes would contribute to 
the current state of knowledge about WSPs and aid future scale-up efforts. A number of frameworks from 
the field of implementation science draw attention to how variations in implementation can affect 
intervention outcomes (Bauer, Damschroder, Hagedorn, Smith, & Kilbourne, 2015; Hering, 2018). These 
factors or “constructs” fall into domains including the intervention characteristics, inner (local or 
organizational) setting, outer (broader regional, national, or global) setting, characteristics of individuals 
involved, and the implementation process (Damschroder et al., 2009). 
                                                     
1Reprinted from Journal of Water, Sanitation and Hygiene for Development, volume 2, issue 2, pages 
103-111, with permission from the copyright holders, IWA Publishing 
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Research Questions and Dissertation Structure 
This body of research focuses on drinking water risk management interventions in high-income 
countries. Ultimately, the dissertation aims to inform scale-up and transfer of this complex WaSH 
intervention into new settings and contexts. Setting is defined as the physical location, while context more 
broadly encompasses geography, culture, economy, ethics, and politics (Pfadenhauer et al., 2017). It 
addresses multiple stages of the translational research pipeline, from effectiveness to implementation 
research. The overarching dissertation research questions are:  
 Do setting, context, and implementation approaches affect the outcomes of drinking water safety 
programs in high-income countries?  
 How might drinking water safety programs be scaled up or spread in high-income countries? 
Within the broader global goal of scaling up programming for drinking water safety, this work 
consists of four distinct research studies focusing on WSP application in high-income countries (Figure 2). 
It builds on early WSP pilot studies in Iceland, which first demonstrated beneficial water quality and health 
outcomes, on the order of a 14% reduction in diarrheal disease (Gunnarsdottir, Gardarsson, Elliott, et al., 
2012). The first two studies evaluate the effectiveness of the WSP intervention as implementation spread 
into France and Spain, focusing on investigating links to water quality and health impacts on the far right 
of the evaluation framework (Figure 1). The third study matches information about implementation 
strategies and experiences (activities/outputs) with indicators of operational performance (found in the 
middle of the evaluation framework). The fourth synthesizes knowledge about the potential for WSP 
implementation (inputs in Figure 1) in less established settings, such as the United States and Canada. 
The individual research study approaches were: 
1. A retrospective observational study of the water quality, compliance, and health outcomes of 
WSPs at five European locations; 
2. A retrospective observational time series studies of how weather and water supply dynamics 
related to health outcomes (at a nested sample of WSP locations in France and Spain);  
3. A mixed methods study linking implementation approaches with indicators of operational 
effectiveness (at one WSP location in France); and 
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4. A comparative evaluation involving systematic review of risk management frameworks, and 
ranking their applicability for managing source water risks in the United States.  
 
Figure 2. Conceptualization of relationship among four dissertation components 
The first research component examines the big-picture water quality, compliance, and health 
impacts of WSPs using an epidemiological study design. Statistical models measured changes at 
representative water utilities in two high-income countries, seeking to determine whether outcomes were 
consistent across locations and how this new evidence might influence future WSP implementation. The 
second research component involved secondary analysis of the same health data with supplementary 
weather and water supply data at a nested sample of locations from the first study. To confirm potential 
mechanisms for WSPs to affect health outcomes, generalized additive models investigated whether 
observed changes in disease rates were associated with specific drinking water exposures on a daily or 
monthly timescale. The third research component applied mixed methods to examine how qualitative 
descriptions of WSP implementation practices related to quantitative measures of operational 
performance outcomes at one nested study location. The fourth component entailed comparative 
assessment of nine different permutations of drinking water risk management programs, using a literature 
review, interviews, surveys, criteria setting, and a decision-making exercise. It sought to improve the 
evidence base for adapting proactive risk management interventions to a US context. In sum, these 
studies offer scientific, practice, and policy recommendations related to WSP implementation, evaluation, 
and scale-up.  
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CHAPTER 2: WATER QUALITY, COMPLIANCE, AND HEALTH OUTCOMES AMONG UTILITIES 
IMPLEMENTING WATER SAFETY PLANS IN FRANCE AND SPAIN2 
Introduction 
In 2004, the World Health Organization Guidelines for Drinking Water Quality recommended that 
water suppliers develop and implement Water Safety Plans (WSPs) to help proactively maintain safe 
public drinking water supplies and reduce health impacts from water contamination events (Bartram et al., 
2009). WSPs are now used in many world regions and required by national legislation in some countries. 
They were introduced into the European Union Drinking Water Directive in 2015 (Commission Directive 
(EU) 2015/1787) and may be required as early as 2018. In contrast to reactive approaches to water 
quality surveillance and management, water purveyors who use WSPs seek to comprehensively prevent 
problems from occurring. This management (“software”) intervention involves a continuous feedback loop 
of risk identification, implementation of controls, and evaluation of whether risks are under control, 
stemming from the hazard analysis and critical control point (HACCP) approach used widely to ensure 
food safety. WSPs may or may not involve concurrent infrastructure (“hardware”) upgrades or changes, 
depending on which risks are identified and prioritized for each system. The WSP team, once formed, 
conducts a thorough analysis of all potential risks to the drinking water supply from source to tap, 
prioritizes these risks, and establishes critical control points where ongoing monitoring should take place 
(Bartram et al., 2009).  
                                                     
2This chapter previously appeared as an article in the International Journal of Hygiene and Environmental 
Health. The original citation is as follows: 
 
Setty, K.E., Kayser, G.L., Bowling, M., Enault, J., Loret, J.F., Serra, C.P., Alonso, J.M., Mateu, A.P., & 
Bartram, J. (2017). Water quality, compliance, and health outcomes among utilities implementing Water 
Safety Plans in France and Spain. International Journal of Hygiene and Environmental Health, 220, 513–
530. doi: 10.1016/j.ijheh.2017.02.004 
 
Author contributions: J.B., J.F.L., K.E.S., M.B., and G.L.K. conceived and designed the study. K.E.S., 
J.E., C.P.S., J.M.A., and A.P.M. contributed to data acquisition and processing. K.E.S., M.B., J.B., and 
G.L.K. contributed to data analysis and interpretation. K.E.S. drafted the manuscript. K.E.S., J.B., J.F.L., 
J.E., J.M.A., C.P.S., and G.L.K. contributed to critical revision of the manuscript. 
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More recently, evaluation frameworks and indicators have been proposed to measure progress 
toward WSP goals and evaluate gains. Numerous indicators can relay the effectiveness of WSPs, broadly 
spanning inputs (e.g., funding and time commitment), activities/outputs (e.g., number of team meetings), 
outcomes (e.g., operational efficiency or cost savings), and impacts (e.g., water quality or health 
improvements) (Gelting et al., 2012). Changes related to the WSP process can take place across all 
categories, although the former categories may show earlier and more measurable change when 
compared to more distal outcomes and impacts. Lockhart et al. (2014) recommend evaluating specific 
indicators within four categories: institutional, operational, financial, and policy outcomes. A review of 
WSP evaluations to date (Kot et al., 2015) found primary reported benefits of the WSP approach to 
include improvements in organizational structure or daily procedures, better risk awareness among water 
operators, more efficient water management practices, improved compliance with water regulations, and 
a reduction in customer complaints. Another systematic review suggested financial outcomes of WSPs 
have the clearest evidence base, even though operational outcomes are more frequently documented 
(String & Lantagne, 2016). The review concludes that outcome and impact evaluation data demonstrating 
WSP value remain weak. 
Although a central goal of WSPs is to reduce the risk of water contamination events, limited 
evaluation data are available to demonstrate WSP effectiveness at decreasing drinking water pathogen or 
chemical exposures, as well as corresponding health improvements.3 The impact of WSPs on human 
health has been investigated in Iceland, one of the first countries to legislate their use in 1995. Data 
collected before and after WSPs were introduced showed measurably less contaminated water, 
significantly fewer cases of diarrhea, and improved compliance with drinking water standards 
(Gunnarsdottir, Gardarsson, Elliott, et al., 2012). Iceland is a unique developed country with a high quality 
groundwater supply, where chlorination is not used to disinfect drinking water supplies. We sought to 
repeat this type of investigation at five locations in France and Spain, with a focus on generalizing 
outcomes across large population centers in developed nations served by chlorinated surface water and 
                                                     
3About 12% of acute gastrointestinal illness is attributable to drinking water exposure in high-income 
countries, since other pathogen transmission routes are more common (Colford Jr. et al., 2006). The 
burden of disease may be separated into endemic (baseline) rates, or outbreak conditions signaling a rise 
from baseline; however, this study did not assess outbreaks separately.    
11 
surface-influenced groundwater supplies. These regions have relatively low burdens of diarrheal disease 
compared to developing nations (WHO, 2010); still, the population experiences a costly annual health 
burden from viral gastroenteritis (especially norovirus) transmission, some of which stems from water-
related outbreaks (Beaudeau et al., 2008; Flahault & Hanslik, 2010; Kowalzik, Riera-Montes, Verstraeten, 
& Zepp, 2015; Lopman et al., 2003). Surface drinking water sources in France and Spain are affected by 
diverse human and animal fecal influences, such as overland runoff and cross-contamination from 
wastewater pipes (Therre, de Valk, Vaillant, Beaudeau, & Mouly, 2008). Cryptosporidiosis and giardiasis 
remain a concern for drinking water managers, especially in spring and autumn periods of heavy rainfall.  
The primary goals of this study were to characterize changes in water quality, compliance, and 
gastrointestinal disease incidence following WSP implementation. We aimed to demonstrate the impacts 
of WSPs, as well as to note the presence of factors that might be used to improve WSP implementation 
and performance in the future. A secondary goal was to evaluate the outcomes of full versus partial 
WSPs, where the scope is limited to only the production or distribution system. This project followed an 
earlier phase of research into WSP inputs and outcomes within the Suez network of utilities. Suez is a 
large multinational company based in France, named for their involvement in building the Suez Canal. A 
2014 study, which quantified costs and ranked perceived benefits of WSPs by surveying utility managers, 
helped to narrow the goals and possible study locations for this project (Loret et al., 2016). It led to a 
ranking of reported WSP benefit categories among 21 drinking water utility managers as well as an 
average WSP labor investment estimate of 10.5 person-months (full-time equivalent) for implementation 
and four person-months/year for ongoing WSP maintenance. 
Methods  
Site Selection 
To evaluate water quality, compliance, and health outcomes of WSP implementation, we 
undertook an observational retrospective cohort study at five locations (locations 1–4 in France and 
location 5 in Spain) where WSPs were implemented between 2006 and 2013. Three (locations 1, 3, and 
5) included a paired nearby comparison area with no WSP implementation. Data availability was a 
strongly limiting factor, so intervention and comparison areas were not randomly selected (comparison 
area selection criteria are listed in Table 22). The five locations included in the study correspond to a total 
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of 15 drinking water treatment plants and groundwater treatment facilities (Table 1). Inclusion criteria 
specified either surface water or influenced groundwater sources, WSP implementation in the production 
and/or distribution system, and water quality data available for at least two years before and after WSP 
implementation. Each system had obtained ISO 22000 food safety management certification at the end of 
the WSP implementation period, one of several existing WSP models (ISO, 2005). At locations 1, 2, and 
4, only the production system was certified (the drinking water treatment plants and/or groundwater 
treatment facilities). Location 5 included two intervention areas: a “full WSP” where the production and 
distribution systems were certified and a “partial WSP” certifying only the distribution system. In the partial 
WSP area, water from another purveyor’s drinking water treatment plant is delivered to the local service 
area via a main pipe. Most locations provided both production and distribution network water quality 
monitoring data; location 2 was limited to production samples only and the partial WSP area of location 5 
was limited to distribution samples only.  
Table 1. Characteristics of each study location, including the number of matched municipalities included in 
















Water Source  Treatment Scheme1 





43,000 1 (100%) Surface water Coagulation/sedimentation, rapid 
sand filtration, ozonation, GAC 




602,000 10 (60%) Surface water Coagulation/sedimentation, rapid 
sand filtration, ozonation, GAC 
filtration, chlorination 






 Surface water Coagulation/sedimentation, GAC 
filtration, ozonation, GAC filtration, 
UV, chlorination 
Surface water Coagulation/sedimentation, GAC 
filtration, ozonation, ultrafiltration and 
chlorination 
Surface water Coagulation/sedimentation, GAC 
filtration, ozonation, GAC filtration, 
UV, chlorination 
Groundwater GAC filtration, chlorination 
Groundwater GAC filtration, chlorination 
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Groundwater GAC filtration, chlorination 









Direct GAC filtration, UV, chlorination 
Comparison 
(no WSP) 
24,000 1 (100%) Protected 
groundwater 
Iron removal, chlorination 





  Surface water Coagulation/sedimentation, rapid 


















sand filtration, (50% to line 1) 
ozonation/GAC filtration, (50% to line 










60,000 1 (100%) 
1GAC=granular activated carbon 
 
In some cases, the municipal boundaries where health data was reported did not fully coincide 
with the water service areas. The location 1 intervention area, location 3 comparison area, and all areas 
for location 5 were considered to have virtually 100% correspondence between the population served by 
health care providers and water service providers. In contrast, the comparison area for location 1 was 
being supplemented at a rate of about 40% by drinking water from another source, although it was 
groundwater expected to be of higher quality than the 60% water supplied by the surface water treatment 
plant included in the study. At location 3, water supply coverage ranged from 21.5% to 60% within the 
four “intervention” municipalities where health data was collected. The two municipalities with 60% 
coverage were again receiving mixed water supplemented by another higher quality groundwater source. 
In the two municipalities with lower coverage rates, 20-30% of inhabitants were receiving all of their water 
from the WSP-affected source, while others were receiving only water from another source. 60% was 
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considered the minimum coverage percentage, so the main health results (Table 5Table 6) exclude the 
two municipalities with less than 30% exposure to the drinking water intervention, although they were 
considered for sensitivity analysis.  
Because this was a retrospective, observational study and gathering additional data was not 
possible, power calculations were not performed to designate minimum sample sizes. A minimum of two 
years of water quality data and one year of health data was required in the before and after periods, and 
all possible data was requested. Specific pre- and post-WSP implementation time periods for each study 
location were then trimmed to sets of 12-month intervals preceding the initiation of WSP team meetings 
(“before”) and following ISO 22000 certification (“after”) (Table 2). Differences in climate exist among 
locations 1 and 2 (in northern France where rainfall peaks in May), locations 3 and 4 (southwestern 
France where rainfall peaks November to January), and location 5 (northeastern Spain where rainfall 
peaks September to November). Because heavy seasonal rainfall could affect source water quality 
parameters such as turbidity and might influence the utilities’ performance, this approach served to 
maximize the period of observation and sample size while controlling for seasonal influences on health 
and water quality data. Data from “during” WSP implementation (periods of 10-24 months from the 
initiation of team meetings to certification) was excluded. 
15 
Table 2. Time periods of water quality and health/population data availability at each location, trimmed to 12-
month intervals before and after WSP implementation 
Location Water Quality Data Availability Health/Population Data Availability 
1 
Before: 1 Jan 2008 – 31 Dec 2010  (3 years) Before: 1 Jan 2010 – 31 Dec 2010 (1 year) 
WSP Implementation: 1 Jan 2011 – 31 Oct 2011 (10 months) 
After: 1 Nov 2011 – 31 Oct 2015 (4 years) After: 1 Nov 2011 – 31 Oct 2015 (4 years)2 
2 
Before: 1 Jan 2003 – 31 Dec 2005 (3 years) 
(data not available) 
WSP Implementation: 1 Jan 2006 – 31 Mar 
2007 (15 months) 
After: 1 Apr 2007 – 31 Mar 2015 (8 years) 
3 
Before: 13 Nov 2010 – 12 Nov 2012  (2 
years) 
Before: 13 Nov 2010 – 12 Nov 2012 (2 
years) 
WSP Implementation: 13 Nov 2012 – 20 Dec 2013 (13 months) 
After: 21 Dec 2013 – 20 Dec 2015 (2 years) After: 21 Dec 2013 – 20 Dec 2015 (2 years)2 
4 
Before: 1 Jan 2003 – 31 Dec 2006 (4 years) 
(data not available) 
WSP Implementation: 1 Jan 2007 – 31 Mar 
2008 (15 months) 
After: 1 Apr 2008 – 31 Mar 2015 (7 years) 
5 
Before: 1 Jan 20051 – 31 Dec 2007 (3 years) Before: 1 Jan 2005 – 31 Dec 2007 (3 years) 
WSP Implementation: 1 Jan 2008 – 31 Dec 2009 (24 months) 
After: 1 Jan 2010 – 31 Dec 2015 (6 years) After: 1 Jan 2010 – 31 Dec 2015 (6 years) 
1Some datasets (online sensors datasets for turbidity, total organic carbon, and free chlorine; and critical control 
parameters used for compliance analysis including trichloroethylene/tetrachloroethylene, nickel, chromium VI, and 
iodine absorption) begin 1 Jan 2006 for a total of two years in the before period. 
2For locations 1 and 3, extrapolated population data was used during the after period to enable comparison with case 
numbers for 2014 and 2015. 
 
Water Quality Analysis 
Water quality data were provided by employees of the Suez-affiliated drinking water supplier at 
each study location, including the parameter, unit, date, time (if applicable), and monitoring station. Data 
sets were produced via either routine internal water quality monitoring or external quality control involving 
independent sampling and analysis by health authorities. Data from manual sampling records were 
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pooled while data sets from online sensors were considered separately where available (locations 3 and 
5). We selected twelve water quality parameters to evaluate water quality, treatment process 
effectiveness, and possible human health risk, including E. coli, fecal streptococci, total coliform, 
heterotrophic plate count, trihalomethanes (THMs), bromate, free residual chlorine, total residual chlorine, 
aluminum, total organic carbon, turbidity, and pH. Data cleaning involved attribution of the study location, 
time period (before, during, or after the intervention), and presence or absence of a WSP intervention, 
comprising about 240,500 manual samples and more than 1.24 million online sensor readings for a total 
of nearly 1.5 million water quality data points.  
Detection limits for the equipment and/or test method used in water quality data collection are 
listed in Table 23. Left-censored data with detection limits of one or lower were set to zero (to match pre-
processing of the French data), while left-censored data with detection limits above one were set to half 
the detection limit. Right-censored data were set to the detection limit. For microbial water quality 
parameters that were not quantified, absence was set to zero and presence was set to one. Data points 
that were blank or otherwise could not be resolved were left as missing data. In some cases, water quality 
data represented water that did not reach the consumer, (e.g., an alarm or scheduled maintenance event 
might trigger containment and disposal of a water batch and/or emergency cross-connection with 
alternate water supplies), but it was nevertheless included as an event relevant to the WSP and 
performance history. Precise historical records of maintenance, pipe flushing, spiking, equipment failure 
and other events/activities that potentially affected individual samples were not available; therefore, 
suspected outliers remained in the dataset.  
All statistical analyses were performed using SAS 9.4 software. For chemical parameters, 
multiple regression was applied to detect significant differences between the pre-intervention (“before”) 
and post-intervention (“after”) time periods. The model controlled for a clustered sampling design 
(samples clustered by monitoring station), proximity to the treatment facility (production versus distribution 
samples), and, if available, non-WSP comparison site conditions over the same time period (at locations 
1, 3, and 5). Chemical parameters censored by a high detection limit, especially bromate, occasionally 
achieved better fit with a Tobit regression model of the same form. Microbial parameter data sets were fit 
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with a corresponding Poisson regression model (based on the natural log of the dependent variable, 
value), owing to the non-continuous count nature of the data.  
For the locations with comparison areas, beta coefficients are reported for the interaction term 
consisting of time period (before/after) and WSP presence (no/yes) (equation 1). For locations 2 and 4, 
the beta value represents the effect of time period alone (equation 2). For location 5, two sets of dummy 
and interaction variables were used to represent the full (production and distribution) WSP versus the 
partial (distribution only) WSP intervention (equation 3). To determine significance, a p-value correction 
was applied within each location’s family of water quality statistical tests using the adaptive Holm 
procedure. Sensitivity testing examined the effect of suspicious extreme values in the data set that may 
have been affected by maintenance or other events, even though imperfect historical records were 
available to justify data removal. Finally, variance ratios were computed between the pre- and post-
intervention period as another indicator of water quality control.  
Value or ln(Value) = β0 + β1*Time + β2*Proximity + β3*Site + β4*Time*Site  (eq. 1) 
Value or ln(Value) = β0 + β1*Time + β2*Proximity      (eq. 2) 
Value or ln(Value) = β0 + β1*Time + β2*Proximity + β3*Full Site + β4*Partial Site   (eq. 3) 
+ β5*Time*Full Site + β6*Time*Partial Site  
Compliance Analysis 
The compliance analysis compared water quality data before and after WSP implementation to 
relevant thresholds, including: European Union (EU) Drinking Water Directive quality limits and quality 
references, national quality limits and quality references, Suez internal recommended practices (for 
France), location-specific WSP critical limits, and location-specific WSP operational limits. National quality 
limits and references for France and Spain often closely matched the EU Drinking Water Directive 
(98/83/CE) (European Union, 1998, 2015; Ministère de La Santé et des Solidarités, 2007; Ministerio de la 
Presidencia, 2003). Some regional legislation applied to location 5 only (Generalitat De Catalunya, 2005). 
Within French and Spanish national regulations, “quality limits” are intended as upper limits while “quality 
references” are intended as indicators of good practice. Internally defined thresholds were generally the 
most stringent, since compliance had operational but not regulatory implications. 
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We evaluated compliance for the same set of 12 parameters used for water quality modeling, as 
well as any additional parameters relevant to critical control points (at location 5 only). Between 9 and 22 
relevant thresholds existed and were investigated at each location. A 2x2 table was constructed using the 
number of passes and fails in each time period. Significant differences in cell sizes were then evaluated 
using either a chi-squared or Fisher’s exact test for unequal proportions (Fisher’s exact test was used 
when any cell size was five or less). A p-value correction was again applied within each location’s family 
of compliance statistical tests using the adaptive Holm procedure. Data analysis definitions of 
“compliance” were matched as closely as possible to the utility managers actual use of the data (e.g., 
reporting of manual monitoring data to regulatory bodies and use of real-time online sensor data for 
internally maintained critical control points), but needed to be simplified in some cases to permit analysis 
of incomplete historical data records. These analyses are denoted as “simplified” in tables 4 and 31. For 
example, if the time resolution of historic sampling was twice daily, the data could not be analyzed for 
hourly changes. Therefore, analysis results may differ from the utilities’ self-reported compliance records, 
since more complex verifications involving time persistence, equipment substitution, and repeat sampling 
apply to some thresholds in practice. 
Health Analysis 
To evaluate health before and after WSP intervention, acute gastroenteritis incidence data was 
provided by the national or regional public health authorities: Santé Publique France (formerly Institut de 
Veille Sanitaire) at locations 1 and 3 and Servei Català de la Salut (CatSalut) at location 5. The data 
collection mechanism in Spain relies on the Spanish Minimum Basic Data Set (MBDS) hospital registry, 
whereas the French data collection method was revised in 2010 to capture a greater percentage of acute 
gastroenteritis cases (estimated at around 32% of all cases) by relying on state-provided prescription 
drug reimbursements (Bounoure, Beaudeau, Mouly, Skiba, & Lahiani-Skiba, 2011). Case numbers 
reported by municipality of residence were pooled for locations 1, 3, and 5 by matching the geographical 
boundaries of intervention (WSP) and comparison (non-WSP) water service areas with between one and 
ten corresponding municipalities (“municipalities served” in table 1). Population data at the level of 
municipality was provided by the National Institute of Statistics and Economic Studies (INSEE) in France 
and the Statistical Institute of Catalonia (IDESCAT) in Spain. Because the French population data are 
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released after a two-and-a-half-year time lag, population estimates needed to be extrapolated for the 
years 2014-2015 to enhance or enable comparison with cases reported at locations 1 and 3, respectively. 
Extrapolations were based on linear estimates of growth for each municipality using 2010-2013 data.  
Because the number of years in each time period varied, acute gastroenteritis was characterized 
as a rate: the incidence (number of new cases) per 1,000 person-years. Population data could further be 
matched to existing age divisions in the health data to stratify the analysis by ages under 5, 5-14, 15-64, 
and over 65 years at locations 1 and 3, and by ages 0-14 and over 15 at location 5. To statistically 
compare acute gastroenteritis incidence before and after WSP implementation, a Poisson regression 
model was applied with population as the offset (person-years) and controlling for the comparison area 
conditions (the base level of the site variable; equation 4). Comparison area values were included to 
isolate the effect of the drinking water intervention, as opposed to data reporting, overall health, or other 
changes that may have affected the whole region. The location 5 model separated the full WSP 
(production and distribution) and partial WSP (distribution only) intervention areas (equation 5). Cases 
reported by municipality were pooled within each area and clustering was not considered in the model. 
Finally, sensitivity of the model was tested relative to assumptions of population extrapolation and service 
area coverage. 
ln(Cases/Person-Year) = β0 + β1*Time + β2*Site + β3*Time*Site   (eq. 4) 
ln(Cases/Person-Year) = β0 + β1*Time + β2*Full Site + β3*Partial Site  (eq. 5) 
+ β4*Time*Full Site + β5*Time*Partial Site   
Informal Audits 
Lastly, qualitative questionnaires were developed to better understand the nature of the data and 
the WSP intervention at each site, as well as to gather information about perceptions and expectations of 
undertaking the WSP. Informal WSP audits were carried out in June/July 2016 at locations 1, 3, and 5, 
incorporating a semi-structured group discussion and a guided tour of a drinking water treatment plant. 
Questions were developed using the World Health Organization and International Water Association’s 
Practical Guide to Auditing Water Safety Plans (WHO & IWA, 2015) as well as an interview guide used in 
Iceland by Gunnarsdóttir (2012; Appendix 1). Because the questionnaires were intended as a starting 
point for discussion, sessions were structured loosely and answers were not forced on all questions; 
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however, information was specifically requested on significant events that took place during the study 
period, and expectations of change in water quality or health data as a result of the WSP (reported in 
Table 25Table 26, respectively). Shorter questionnaires adapted for electronic rather than in-person 
delivery were then developed and completed by a member of the Suez research team for locations 2 and 
4 in August 2016. 
Results 
Water Quality 
Several significant water quality differences were observed between the pre-implementation and 
post-implementation periods at the intervention area. Mean values and model results by location, 
parameter, and time period are detailed in Table 27Table 31 in Appendix A, and summarized as 
improvements, degradation, and neutral outcomes in Table 3. Changes listed in the “improvements” 
column are considered desirable, since drinking water quality managers seek to reduce the concentration 
of these constituents for operational or health reasons. In contrast, “degradation” refers to an increase in 
a parameter that managers seek to minimize. Changes in “neutral” parameters, while statistically 
significant, might or might not be considered desirable (and therefore relevant to operational or health 
outcomes) depending on the goals of the particular drinking water utility at any given time. 
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Table 3. Summary of statistically significant water quality outcomes reported in Table 27Table 31, grouped by 
improvement, degradation, and neutral changes 
Location Improvements in water 
quality post-intervention 
Degradation in water quality 
post-intervention 
Neutral3 changes in water 
quality post-intervention 
1 Aluminum2 Bromate pH 
2 Trihalomethanes -- -- 
3 -- Total coliform, heterotrophic 
plate count, turbidity (sensors) 
Free chlorine (sensors) 
4 Heterotrophic plate 
count, aluminum, 
turbidity 
-- Free chlorine, total 
chlorine, pH 
5 (full WSP1) Trihalomethanes, total 
organic carbon, turbidity 
(manual and sensors) 




Turbidity -- Free chlorine, pH 
1The full WSP applied to both the production and distribution system; the partial WSP applied to the distribution 
system only. 
2Remained constant relative to comparison area. 
3“Neutral” changes may or may not be considered desirable depending on the individual needs of the drinking water 
utility. 
 
The water quality parameters that changed significantly varied from one location to the next, and 
few patterns were observed (Table 3). Several microbial water quality parameters demonstrated little 
variation from zero and models could not be fit (Table 27Table 31). Heterotrophic plate count and total 
coliform worsened at location 3, while heterotrophic plate count improved at location 4. Likewise, turbidity 
increased at location 3, but decreased at locations 4 and 5 (full and partial WSPs). Bromate (a byproduct 
of using ozonation to treat water) increased at locations 1 and 5 while trihalomethanes (a byproduct of 
chlorination) decreased at locations 2 and 5 (full WSP). In the neutral category, free residual chlorine 
increased at locations 3 and 4 while it decreased at location 5 (full and partial WSPs), although free 
chlorine levels at location 5 were intentionally kept higher than locations 3 and 4 due to a difference in 
local regulatory standards (see typical median values in Table 24). 
Increased numbers of samples, especially with regards to online sensor data, increased statistical 
power to detect small differences. Of potential relevance to water utility managers, some changes in 
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sample means were observed with descriptive statistics but not found to be statistically significant, 
possibly due to relatively low power or low numbers of non-zero data points. Examples included a 
decrease in heterotrophic plate counts, turbidity, and trihalomethanes at location 1 and a decrease in 
heterotrophic plate count and aluminum at location 5 (full WSP) (detailed in tables 26 and 30). As another 
indicator of water quality control, the WSP intervention sometimes resulted in changes in the distribution 
of data around the mean, reported as the variance and variance ratio (F-value) in tables 26 through 30. 
Both increases and reductions in variance were observed; variance declined notably (with a variance ratio 
equal to or exceeding 4:1) for turbidity at location 1, heterotrophic plate count at locations 4 and 5 (full 
WSP), and trihalomethanes at location 5 (full WSP). 
With regards to sensitivity testing, exclusion of extreme values did not alter significance of the 
statistical test for free chlorine or turbidity at location 2, free chlorine and free chlorine sensors at location 
3, total chlorine at location 4, or free chlorine and turbidity sensors at location 5. Testing did indicate a 
potential reduction in free and total chlorine levels (neutral management outcomes) at location 1. 
Exclusion of four extreme values for total chlorine at the location 1 intervention area showed a statistically 
significant reduction where it was not found to change originally (β=-0.044, raw p-value<0.001). Likewise, 
dropping two extreme values for free chlorine at the location 1 comparison area improved the model fit 
and made the reduction statistically significant (β=-0.047, raw p-value<0.001). Additional sensitivity 
testing at locations 2 and 4 examined the effects of seasonality, since several months of additional partial-
year data was available in the after period. It showed no changes in the significance of test results when 
this data was included. 
Compliance 
Like water quality, changes in compliance following WSP implementation also varied, as 
measured by rates of noncompliance with between nine and twenty-two relevant internal or external 
water quality benchmarks per location. Significant outcomes ranged from zero to nine per location 
(summarized in Table 4). Nearly all represented improvements in water quality, with a couple of 
exceptions. While turbidity compliance increased at locations 1 and 5 (full WSP, outlet), it decreased at 
location 5 (full WSP, operational and critical limits after sand filters). Aluminum compliance increased at 
both locations 4 and 5 (full WSP). Location 2 and the location 5 partial WSP area showed no changes in 
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compliance. Some parameters displayed movement around a relevant threshold in this component of the 
study, even though the change in the values themselves from before to after WSP implementation was 
not statistically significant as reported in Table 3 (e.g., turbidity at location 1; bromate at location 4). The 
opposite also held true, in that some statistically significant changes in water quality levels as reported in 
table 3 did not correspond to increased or decreased compliance with applicable thresholds. Full results 
of the compliance analysis can be found in Appendix B (Table 32).  
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Table 4. Summary of statistically significant changes in compliance after WSP implementation at each 
intervention location.  





1 Total coliform Increase in 
compliance 
>0 MPN/100ml EU and French quality limit 
Turbidity Increase in 
compliance 
>2 NTU French quality reference for 
tap 
2 None 




<0.05 mg/l WSP critical limit for 
chlorination 
4 Bromate Increase in 
compliance 








WSP operational limit (surface 
water plant) 
Aluminum Increase in 
compliance 




Total coliform Increase in 
compliance 
>0 MPN/ 100ml EU and Spanish quality limit 
THMs Increase in 
compliance 
≥50 µg/L  Suez recommendation for 
plant outlet (in France) 
Increase in 
compliance 








Catalunya/WSP critical limit for 
chlorination 
Aluminum Increase in 
compliance 







≥0.75 NTU WSP operational limit 
Decrease in 
compliance 
≥1 NTU  
*simplified 





>0.5 NTU Spanish quality reference for 
plant outlet 
Nickel Increase in 
compliance 





1The full WSP applied to both the production and distribution system; the partial WSP applied to the distribution 
system only. 
2 Detailed noncompliance rates and other test results can be found in Table 32. 
3Direction indicates when a sample does not attain the recommended range of values. Some thresholds were 
simplified to enable comparison with historical data. Self-reported records might differ based on the application of 




Health outcomes for the overall population also varied across locations (Table 5). Location 1, 
where total coliform and turbidity compliance improved, showed a statistically significant decrease in the 
incidence of acute gastroenteritis relative to a comparison area, following the implementation of a WSP 
(p=0.043, α=0.05). This corresponds to about a 4% reduction in acute gastroenteritis incidence, when 
comparing the incidence rate ratios between the intervention and comparison areas. At location 3, where 
total coliform and turbidity levels increased, the WSP intervention area did not experience a significant 
change in acute gastroenteritis relative to the comparison area (p=0.640). Looking at the overall 
population for location 5, where water quality and compliance generally improved, initially showed no 
significant change in acute gastroenteritis for the full or partial WSP intervention areas (p=0.091 and 
0.056, respectively). The larger case numbers at locations 1 and 3 enhanced the statistical power of the 
overall population test to detect smaller differences in incidence rates. Location 1 had the largest sample 
size on the order of 278,000 total cases and 3.2 million person-years, while location 3 (excluding two 
municipalities with low water service coverage) included roughly 20,000 total cases and 189,000 person-
years. Both case numbers and incidence rates for location 5 (which had a total of about 1,300 cases and 
2.9 million person-years) were much lower than those for locations 1 and 3 due to differences in public 
health surveillance methods between Spain and France.  
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Table 5. Incidence of acute gastroenteritis before and after WSP implementation at both intervention and 

















































(comp) 78.0 86.5 1.11  
(1.10, 1.12) 
    







0.22  0.640 
(comp) 102.6 89.5 0.87  
(0.84, 0.91) 
    
5 (full 
WSP1) 



















(comp1) 0.513 0.534 1.04  
(0.81, 1.34) 
    
1The full WSP applied to both the production and distribution system, the partial WSP applied to the distribution 
system only, and the comparison area had no WSP. All areas of location 5 have much lower case numbers due to 
the differences in public health surveillance methods between France and Spain. 
2Negative beta values correspond to a reduction in acute gastroenteritis in the intervention area. 
 
Stratification of health data by age group offered additional information (Table 6). The pooled 
results appeared to be driven by the adult population (ages 15+), which contributed about four to five 
times the number of person-years to the analysis. When data were stratified by the four possible age 
groups (under 5, 5-14, 15-64, and 65+) at location 1, only the 15-64 age group demonstrated a 
statistically significant reduction in acute gastroenteritis incidence (p=0.016). Likewise, stratification by 
children (ages 0-14) and adults (ages 15+) at location 5 showed a statistically significant increase in acute 
gastroenteritis incidence for adults only at both the full WSP and partial WSP intervention areas (p=0.026 
and 0.009, respectively). At all three locations, incidence rates for children were higher than those 
reported among adults. Normally populations with poorer immunity (young children and the elderly) might 
27 
be expected to exhibit greater changes in health outcomes, but this held true only for the 65+ age group. 
It should be noted that for French data (locations 1 and 3), the reported case numbers of acute 
gastroenteritis (numerators of the rates) in the under 5 age group exclude infants (under age 1), because 
they are not expected to consume tap water. The population data (denominators of the rates) does 
include infants, serving to artificially reduce incidence rates for this age group at locations 1 and 3 across 
both intervention and comparison areas. 
















































(comp) 235.5 294.3 1.25 
(1.22, 1.28) 
    







(comp) 141.1 154.2 1.09 
(1.07, 1.12) 
    







(comp) 57.1 60.7 1.06 
(1.05, 1.08) 
    







(comp) 21.5 25.4 1.18 
(1.12, 1.25) 
    
3 1-4/ 
0-42 







(comp) 388.2 359.7 0.93 
(0.85, 1.01) 
    







(comp) 198.1 172.6 0.87 
(0.80, 0.95) 
    







(comp) 79.7 67.2 0.84 
(0.79, 0.89) 
    







(comp) 43.8 39.1 0.89 
(0.78, 1.02) 




















(comp1) 0.871 0.997 1.14 
(0.70, 1.86) 
    
5 (full 
WSP1) 
















(comp1) 0.449 0.448 1.00 
(0.75, 1.34) 
    
1The full WSP applied to both the production and distribution system, the partial WSP applied to the distribution 
system only, and the comparison area had no WSP. All areas of location 5 have much lower case numbers due to 
the differences in public health surveillance methods between France and Spain. 
2For French data (locations 1 and 3), the number of acute gastroenteritis cases exclude infants under age one, 
because they are not expected to be exposed to tap water consumption. The population data includes infants. 
3Negative beta values correspond to a reduction in acute gastroenteritis in the intervention area. 
 
Regarding sensitivity analyses, exclusion of extrapolated 2014–2015 population data from the 
location 1 analysis did not substantially affect the outcome. Assessing only data reported through 2013 
resulted in a similar approximately 5% reduction in acute gastroenteritis incidence at the intervention area 
relative to the comparison area (β=-0.055, p=0.005). Further, where health data and water supply 
coverage did not completely coincide, the effects of WSP implementation on acute gastroenteritis 
incidence may have been diluted (in the case of no change in the additional water source over time) or 
confounded (in the case of beneficial or detrimental changes in the additional water source over time) by 
exposure to other drinking water sources. At location 3, addition of the two municipalities with less than 
30% water supply coverage did not alter significance of results, which showed no effect of the WSP 
implementation on acute gastroenteritis (Table 7). 
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Table 7. Sensitivity test of acute gastroenteritis outcomes in the overall population and by age group at 
location 3 intervention and comparison (“comp”) areas, adding health data from two municipalities with less 
















































(-0.008, 0.091)  
2.71  0.100 
(comp)2 102.6 89.5 0.87 
(0.84, 0.91) 
    
3 0-4/ 
1-41 







(comp) 388.2 359.7 0.93 
(0.85, 1.01) 
    







(comp) 198.1 172.6 0.87 
(0.80, 0.95) 
    
3 15-
64 







(comp) 79.7 67.2 0.84 
(0.79, 0.89) 
    







(comp) 43.8 39.1 0.89 
(0.78, 1.02) 
    
1For French data (locations 1 and 3), the number of acute gastroenteritis cases exclude infants under age 1, because 
they are not expected to be exposed to tap water consumption. The population data includes infants. 
2Comparison area values remain unchanged relative to Table 6. 
 
Discussion 
Water Quality and Compliance Outcomes 
Many beneficial water quality and compliance changes, corresponding to an expectation of 
reduced risk to consumers, were identified in this study. Changes in specific water quality parameters 
between the pre- and post-implementation periods varied from one location to the next. This finding is 
compatible with the nature of the intervention, since the general WSP approach should be adapted to 
each location based on the specific prioritized risks. Owing to the observational nature of the study, 
sample sizes were not assigned and were not always consistent across parameters and locations; 
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therefore, statistical power to detect changes varied among data sets. Individual parameter models at 
each site had a sample size ranging from 12 (for bromate at location 3, where a model could not be fit) to 
16,203, with an average of about 4,296 samples (Table 27Table 31). Significant changes were more 
easily detected in online sensor datasets with sample numbers up to 531,603. Some undesirable 
changes were observed at some locations (Tables 3 and 4), but a widespread harmful effect was not 
indicated over the period of the intervention.  
In particular, microbial indicator levels at location 3 appeared to worsen following the WSP 
intervention. This might be explained by the utility managers’ desire to keep chlorine levels as low as 
possible in response to concerns about disinfection by-products and their potential adverse health effects. 
Due to local socio-political pressure to eliminate chlorine usage, this location is looking to pilot an 
unchlorinated water supply in the near future. The WSP at this location did not emphasize control of 
microbial contamination due to the perceived high quality of the groundwater source. At location 5, interim 
turbidity compliance (after the sand filters) worsened, although the finished water saw the opposite effect, 
with an improvement (decrease) in turbidity levels and improved compliance based on manually sampled 
and sensor water quality data. Finally, bromate formation increased at locations 1 and 5, potentially due 
to changes in ozonation practices. 
The microbial water quality data, especially for E. coli and fecal streptococci, overwhelmingly 
consisted of values below the detection limit (i.e., absence or less than one colony-forming unit per 100 
ml). This scenario is common across developed nations with chlorinated drinking water supplies. 
Although a sign of low health risk, such a data distribution hinders the ability to characterize changes in 
baseline water quality. By reducing both pathogen and indicator bacteria levels, the practice of chlorine 
disinfection may even preclude detection of potential health risks if the signal from the indicator organism 
is eliminated but the pathogen remains viable. A quantifiable value might be elicited by (a) sampling water 
just prior to disinfection, (b) using larger sample volumes, or (c) detecting the presence of pathogens 
themselves rather than indicator organisms. Under current regulatory scenarios, these measures would 
add to (not replace) ongoing compliance monitoring efforts. Owing to the potential advantages, molecular 
methods for direct pathogen detection were being developed and validated during the study’s site visits. 
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Drinking water utilities may adopt rapid testing methods in the future as the technology becomes more 
refined and widely available. 
Among the four measured microbial water quality indicators, total coliform and heterotrophic plate 
counts showed greater variability than E. coli and fecal streptococci, demonstrating significant changes in 
some cases. Total coliform compliance improved significantly at locations 1 and 5 (full WSP), while levels 
worsened at location 3. Heterotrophic plate counts decreased significantly at only one of the five 
locations, and were not examined in the compliance portion of our study (owing to the lack of applicable 
compliance thresholds for piped water supplies in France and Spain). This finding corresponds somewhat 
with results from Iceland, where two out of the five locations examined individually showed significant 
drops in mean heterotrophic plate counts (Gunnarsdottir, Gardarsson, Elliott, et al., 2012). When pooled 
across locations included in the Iceland study, heterotrophic plate counts exceeding 10 colony-forming 
units were significantly less likely following the WSP intervention (Gunnarsdottir, Gardarsson, Elliott, et 
al., 2012). The Iceland study examined unchlorinated drinking water suppliers and also included smaller 
water suppliers (<5,000 inhabitants) that typically have higher initial non-compliance rates.  
Health Outcomes 
Changes in the incidence of acute gastroenteritis are generally difficult to discern due to public 
health surveillance data limitations and the existence of multiple exposure routes (CDC, 2011). Bottled 
water consumption and self-treatment of gastrointestinal disease apply to large swaths of the population 
in France and Spain, inhibiting the ability to associate WSPs and health outcomes. Only about two-thirds 
of the population is expected to consume tap water (Therre et al., 2008), and the majority of acute 
gastroenteritis cases are self-treated or resolve without treatment (Lopman et al., 2003). Large 
background fluctuations in acute gastroenteritis stem from the dominance of other pathogen transmission 
routes, especially the annual winter peak in person-to-person norovirus transmission (Arena et al., 2014; 
Chikhi-Brachet et al., 2002), making drinking water exposure a relatively minor contributor to the burden 
of disease (Lopman et al., 2003).  
Further, the acute hospital records used in Spain are expected to capture only a small percentage 
(perhaps 1-2%) of actual cases, making trend extrapolation fairly difficult. Representatives of Santé 
Publique France indicated the prescription-based reporting used since 2010 in France may have 
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strengthened the location 1 and 3 analyses by capturing about 32-33% of total cases (Bounoure et al., 
2011). Our estimates of acute gastroenteritis incidence were generally on the same order of magnitude 
as others in the literature (Chikhi-Brachet et al., 2002; Kowalzik et al., 2015; Van Cauteren, De Valk, 
Vaux, Le Strat, & Vaillant, 2012). The overall incidence rates found in France were somewhat higher than 
other sources, while the incidence rates found in Spain were somewhat lower, illustrating differences in 
surveillance methods. Performing pooled analysis across locations (e.g., via a multi-level model) would be 
useful, but is precluded by the small number of case studies and differences in data collection methods. A 
prospective, randomized controlled study design might be recommended as the gold standard for 
overcoming confounding and data consistency constraints.  
One of the three case studies did demonstrate a reduction in acute gastroenteritis incidence 
following WSP implementation, corresponding to about a 4% decrease in acute gastroenteritis incidence 
in the overall population, or 6% in the 15-64 age group (Tables 6 and 7). This occurred at location 1, 
which had the largest health dataset. Location 5 full (production and distribution) and partial (distribution 
only) WSPs showed the opposite of the expected effect, with significantly higher post-implementation 
rates of acute gastroenteritis among adults in both intervention areas, relative to the comparison area. Of 
the three locations examined, location 5 had the lowest reported case numbers, leading to low statistical 
power and wide confidence intervals. Unfortunately, the low number of cases per municipality could have 
been driven by outbreak events, whether stemming from drinking water, foodborne, or other exposures. 
CatSalut was unable to share any additional information about possible outbreaks during the after-WSP 
study period. 
The health outcome at location 1 (an overall 4% reduction in acute gastroenteritis) corresponds 
fairly well with the magnitude of the 14% reduction in diarrhea found by pooling results across locations 
studied in Iceland (Gunnarsdottir, Gardarsson, Elliott, et al., 2012). At an individual level, diarrheal 
incidence declined significantly at five of seven observed locations in Iceland. Observation periods were 
longer, averaging nearly 12 years (compared to an average of six years for the locations in France and 
Spain), which may have enabled enhanced observation of health impacts. The Iceland study was also an 
observational retrospective cohort study and, like our study, was limited by data nonconformity and lack 
of control for confounding factors. Differences in our findings could also stem from the practice of 
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chlorination in France and Spain, which may provide a residual protective effect against some waterborne 
pathogens, in contrast to the unchlorinated treatment schemes in Iceland.  
Relationship between Water Quality and Health Outcomes 
Stability or decreases in bacteria levels might be expected as a precursor to declining acute 
gastroenteritis incidence, demonstrative of the mode of disease transmission. Fecal indicator bacteria, 
including E. coli and fecal streptococci are interpreted as signs of fecal contamination, whereas total 
coliform and heterotrophic plate count are more indicative of general sanitary conditions and potential 
pathogen presence. Higher turbidity may also be correlated with poor pathogen removal and increased 
rates of acute gastroenteritis (Beaudeau, Le Tertre, Zeghnoun, Zanobetti, & Schwartz, 2012). At location 
1, where a significant health effect was found, turbidity and total coliform compliance correspondingly 
improved and turbidity variance decreased significantly post-intervention (F=12.85, p<0.0001; Table 27). 
Location 3, in contrast, where no health effect was found, exhibited a worsening of total coliform, 
heterotrophic plate count, and turbidity levels (Table 29).  
At location 5 for the full WSP intervention only, the variance of heterotrophic plate count 
decreased significantly (F=153.8, p<0.0001), and total coliform compliance improved (Table 31 and Table 
32). Further, turbidity levels in the treated water improved, although turbidity compliance after the sand 
filters (an interim measurement within the treatment plant) was noted to worsen after the intervention 
(Table 32). Finally, compliance with free chlorine standards improved at the full intervention area, while 
free chlorine levels dropped slightly at both the full WSP and partial WSP intervention areas. Thus, the 
overall water quality evidence does not necessarily support increase pathogen exposure as a causal 
precursor for increased acute gastroenteritis incidence. Possible hypotheses to explain the outcome 
might be: (1) other exposures related to acute gastroenteritis, such as foodborne pathogen outbreaks (as 
mentioned above), or (2) presence of pathogenic organisms that are not well-correlated with fecal 
indicator bacteria and/or resistant to current treatment schemes. 
Comparison among Locations 
Although the five case studies were not directly compared, the full WSP at location 5 resulted in 
the most dramatic water quality improvements, probably because (a) some baseline values (e.g., 
trihalomethanes, total organic carbon) were initially higher (Table 24) due to the nature of the primary 
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water source (a small, seasonally dry river with several upstream influences) and (b) the WSP 
implementation and post-implementation periods involved several major upgrades to drinking water 
treatment processes (Table 25). This suggests that ongoing, iterative improvement (a core characteristic 
of the WSP approach) may help produce lasting effects on water quality. Location 4 also reported several 
“hardware” upgrades and showed a number of significant improvements in water quality and compliance, 
although no comparison area was available to confirm these stemmed from the WSP. 
The study design evaluated differences among WSPs applied to (a) the production system 
(drinking water treatment plants or groundwater treatment facilities) only, (b) the distribution system only, 
or (c) both the production and distribution systems. The partial WSP at location 5 did not seem to have as 
strong an effect on water quality, compliance, and health outcomes as the full WSP covering both the 
drinking water treatment plant(s) and the distribution system. This indicates that most WSP outcomes 
found in our study stemmed from changes related to the drinking water treatment plants. Locations where 
only the treatment plant was certified (locations 1, 2, and 4) did not show a discernable trend when 
compared to the locations with a WSP covering both production and distribution (location 3 and the 
location 5 full WSP area). This is understandable because each location had its own distinctive attributes. 
Based on these case studies, a piecemeal approach to WSP implementation would not be 
recommended. Locations that purchase water from or sell water to other suppliers might be constrained 
to managing and improving only partial components of the drinking water supply system. Further, 
household-level piping and delivery systems, where some distribution monitoring samples are taken, can 
only be partially manipulated by a water utility-focused intervention (e.g., via residual chlorine dosing), 
and this lack of control over privately owned delivery systems could reduce WSP effectiveness. Where 
possible, the World Health Organization’s WSP guidance recommends considering all risks from the 
source to the tap (Bartram et al., 2009). If prioritizing limited resources is necessary, and in the absence 
of other indications, the evidence from this study suggests concentrating on the water treatment facilities. 
Limitations and Future Recommendations 
Further study would help to elicit which particular attributes of the locations and/or WSPs most 
strongly enable beneficial outcomes. In this study, changes in water quality, compliance, and health were 
tied to the time period of the WSP intervention (from the initiation of WSP team meetings to the ISO 
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22000 certification date). Specific causal investigations of identified changes were not undertaken. 
Reported significant events that coincided with the study period can be found in Table 25. Measures 
taken during the WSP implementation process typically included team formation and meetings, 
documentation and posting of operating and emergency procedures, initiation of special staff training 
sessions on risk management, designation of critical control points, installation of online sensors, and 
occasionally equipment or treatment technology upgrades.  
Utility managers’ expectations of the degree of change matched fairly well with actual outcomes 
(Table 26), suggesting that awareness and deliberate intent or action to address specific water quality 
issues may have played a key role in creating that change. Expectations were gathered before data 
analysis results were shared, although managers were likely able to make qualitative judgments based on 
pre-existing familiarity and knowledge of the drinking water treatment system. For example, managers at 
location 5 added a reverse osmosis step to the drinking water treatment plant about the same time the 
ISO 22000 was certified, fully intending to reduce levels of trihalomethanes to meet new European Union 
regulatory requirements.  
Some prominent transformations attributed to the WSP mechanism, as cited by utility managers 
during site visits, included formalization/documentation of risk management procedures and the 
recognition of water as a food product among all levels of staff, including those with primarily 
construction-oriented tasks, which resulted in greater awareness of potential health risks during daily 
operations. Additional mechanisms suspected of affecting change come from 2014 cost/benefit 
questionnaires administered among WSP-adopting Suez utilities, which cite both changes in human 
behavior and improved reaction time to alarms for critical control points, especially chlorination (Loret et 
al., 2016). 
In addition to those already mentioned, factors of interest for future study might include sensitivity 
of outcomes to time since certification, age/condition of the water treatment and distribution system, and 
diversity/cohesiveness of the WSP team. The political economy, including local community and 
organizational readiness is expected to influence WSP outcomes (Kot et al., 2015). One study observing 
cultural influences on WSP implementation in India, Uganda, and Jamaica identified twelve themes that 
enable, limit, or are neutral to WSP implementation, including the perception of aesthetics as a surrogate 
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for water safety (enabling) and belief that water should be free (limiting) (Omar, Parker, Smith, & Pollard, 
2017). Factors found to correlate with higher performing WSPs in Iceland included: frequent internal and 
external audits; a working WSP steering group; good understanding of the WSP among staff; cooperation 
among senior management, health authorities, and the local government; and a training plan, especially 
for field workers (Gunnarsdottir, Gardarsson, & Bartram, 2012). Factors inherent to WSP effectiveness 
across twelve Asian Pacific countries included external financial support, formal policies/regulations, and 
WSP-related record keeping, especially for often-overlooked qualitative measures (Kumpel et al., 2016). 
Conclusions 
We selected five case studies of WSP implementation outcomes that were likely to be 
generalizable to other chlorinated drinking water treatment systems in developed nations. WSP 
implementation improved water quality and compliance with relevant water quality thresholds at a majority 
of locations (Tables 3 and 4). Identified adverse effects were fewer, adding to the weight of evidence that 
WSPs offer operational performance benefits (Kot et al., 2015; String & Lantagne, 2016). Epidemiological 
analysis at one of three locations suggested that WSPs among large chlorinated drinking water treatment 
systems in developed nations may reduce acute gastroenteritis incidence (Table 5), although validity of 
this finding is limited by differences among the three observed case studies and potential sources of 
confounding. In particular, location 5 showed an anomalous increase in acute gastroenteritis that was not 
clearly explained by water quality trends. Outcomes of WSPs should be expected to vary across 
locations, since the intervention itself is adapted to the needs of each site. As such, the WSP approach 
may translate to diverse water quality, compliance, and health outcomes. Scenarios of stability or 
beneficial change identified in this study might be considered desirable among drinking water utility 
managers. Future research should focus on eliciting the causal factors that enhance successful 
application of the WSP approach, and on identifying best practices. Such information can be used to 
improve individual utilities’ WSP implementation practices and refine global WSP guidance. 
Declaration of Interest 
Suez, AESN, and the Royster Society of Fellows provided financial support for the research and 
article preparation. Suez-affiliated staff (including Loret, Enault, Puigdomenech Serra, Pla Mateu, and 
Martin Alonso) were involved in study design, data collection, data analysis and interpretation, report 
37 
writing, and the decision to submit the article for publication. Dr. Bartram has served on Suez committees 
as an unremunerated adviser. 
Acknowledgements 
The authors greatly appreciate the assistance of all Suez staff members who facilitated site visits 
and data collection for this study. Special thanks extend to Catherine Galey and Pascal Beaudeau from 
Santé Publique France for providing access to public health surveillance data in France and advice 
regarding its interpretation. Suez, the Seine River Basin Agency (AESN; specifically Véronique 
Lahoussine), and the Royster Society of Fellows at UNC Chapel Hill generously provided financial 
support for this study. We also are grateful to Maria Gunnarsdóttir and Olivier Schlosser for reviewing and 
commenting on the draft manuscript. Statistical analysis support was provided by the Odum Institute at 
the University of North Carolina at Chapel Hill. 
38 
 
CHAPTER 3: TIME SERIES STUDY OF WEATHER, WATER QUALITY, AND ACUTE 
GASTROENTERITIS AT WATER SAFETY PLAN IMPLEMENTATION SITES IN FRANCE AND SPAIN4 
Introduction 
Diarrheal disease poses a substantial health burden in many regions of the world, and is a 
leading cause of death in low-income countries with poor access to safe water, sanitation, and medical 
care (Troeger et al., 2017). Episodes of acute infectious diarrhea are also common in high income 
regions, contributing to healthcare costs and lost worker productivity (Hutton & Haller, 2004). Estimates of 
the burden of acute gastrointestinal illness attributable to drinking water in high-income countries hover 
around 12% (Colford Jr. et al., 2006). Still, public officials in high-income countries may not perceive 
drinking water quality as a prominent risk to health, despite the preventable nature of the disease, aging 
infrastructure, and periodic high-profile outbreaks. Historically, the infrastructure-heavy nature of the 
sector and technical industry culture have tended to favor reactive management approaches (Takala & 
Heino, 2017). A dense regulatory environment may further reduce willingness to develop site-specific 
water quality programs (Amjad et al., 2016). 
Proactive risk management for drinking water supplies in all nations has been recommended 
since 2004 by the World Health Organization (WHO) Guidelines for Drinking Water Quality and the Bonn 
Charter for Safe Drinking Water (IWA, 2004; WHO, 2004). Risk management programs such as Water 
                                                     
4This chapter previously appeared as an article in the International Journal of Hygiene and Environmental 
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Safety Plans (WSPs) offer a potential pathway to reduce public health risks (Bartram et al., 2009). WSPs 
seek to emphasize proactive process controls in drinking water production, where end product testing 
simply verifies effectiveness of the risk management measures. Such programs were first legally required 
in Iceland beginning in 1995 (Gunnarsdottir, Gardarsson, & Bartram, 2015) and have since been 
implemented in more than 90 countries (WHO & IWA, 2017). Published studies report benefits ranging 
from improved client satisfaction to reduced gastrointestinal illness rates (Gunnarsdottir et al., 2012; Kot 
et al., 2015; Kumpel et al., 2016; Setty et al., 2017; String and Lantagne, 2016). Nonetheless, scaling 
WSPs into widespread use will require added attention to evidence, context, and facilitation (Kitson et al., 
2008). 
Two multi-site, multiyear studies reported significant health improvements associated with WSP 
program implementation in Europe (Gunnarsdottir, Gardarsson, Elliott, et al., 2012; Setty et al., 2017), but 
did not explore the linkages between drinking water exposures and health outcomes on a daily or monthly 
timescale. Clarification of the most important contributors to health burdens would aid continued quality 
improvement efforts among drinking water suppliers and regulators, and elucidate pathways for WSP 
mechanisms of action. This study builds upon the previous WSP literature by validating links between 
drinking water exposure and health outcomes as a potential area of intervention in high-income countries. 
It examines associations between weather, water quality indicators, and health outcomes at three 
European WSP locations, including how WSP implementation status modified these relationships.  
Epidemiological approaches for investigating outcomes of public health interventions include time 
series studies where the population serves as its own control, corresponding in many ways to case-
crossover analysis (Lu & Zeger, 2007). Time series studies have been used to interpret risks related to 
drinking water in the US, Canada, France, Sweden, Russia, and other high-income locations (Aramini et 
al., 2000; Beaudeau et al., 2012; Beaudeau, Schwartz, & Levin, 2014; Beaudeau, Zeghnoun, Corso, 
Rambaud, & Lefranc, 2014; Carlton et al., 2014; Egorov et al., 2003; Gilbert, Levallois, & Rodriguez, 
2006; Tinker, Moe, Klein, Flanders, & Uber, 2010; Tornevi & Forsberg, 2016; Zhou et al., 2013). This 
approach offers a means to characterize the relationship between surrogates for pathogen transmission 
in drinking water and commonly measured health outcomes, such as diarrheal disease. Because it is an 
observational approach, it identifies association rather than causation, though guided by theoretical 
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causal mechanisms described in existing literature. Time series studies must be site-specific, as the 
relevance of common risk indicators (e.g., turbidity) is known to vary depending on source water, climate, 
geography, water treatment methods, and other factors (De Roos et al., 2017; Tam et al., 2007).  
Methods 
Site Selection and Description 
This retrospective, observational time series study examined daily or monthly data on weather, 
water quality, and acute gastroenteritis in France and Spain. Three locations were selected as a nested 
sample based on health data availability from earlier studies involving 20 (Loret et al., 2016) and five 
(Setty et al., 2017) Suez-operated utilities, respectively (Table 8). Each location was served by a single 
drinking water treatment facility (Table 8) that implemented an ISO 22000-certified WSP during the study 
period (Table 9). The three locations have different climates and water sources, warranting individual 
models. Raw water is tested prior to treatment at all sites to inform treatment practices, such as coagulant 
dosage. In addition, location 5 often switches from surface to groundwater sources, which are less 
vulnerable to nonpoint source polluted runoff, during heavy rain events. A significant reduction in acute 
gastroenteritis from before to after WSP certification (relative to a comparison area) was previously found 
at one location (“location 1”), while no significant change or increased acute gastroenteritis rates were 
observed at the other two locations (Setty et al., 2017).  
Table 8. Characteristics of study locations including country, population served, water source, and treatment 
scheme 
Location1 Country Population 
served 
Water source(s) Treatment scheme 
1 France 43,000 
 
Surface water Coagulation/sedimentation, rapid sand 
filtration, ozonation, GAC2 filtration, 
utrafiltration, pH stabilization, chlorination  
3 France 43,000 
 
Groundwater Pre-oxidation (Cl2; ClO2 prior to 2012), GAC 
filtration, UV, chlorination  





coagulation/sedimentation, rapid sand 
filtration, (50% to line 1) ozonation/GAC 
filtration, (50% to line 2) ultrafiltration/reverse 
osmosis, remineralization, chlorination  
1Location aliases are retained as a nested sample from an earlier study (Setty et al., 2017). 
2GAC=granular activated carbon 
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Table 9. Time periods of data availability at each study location 
Location1 Data Availability Data 
Resolution 
Water Safety Plan (WSP) 
Implementation Period 
1 1 Jan 2010 – 31 Oct 2015  
(5.8 years) 
Daily 1 Jan 2011 – 31 Oct 2011  
(10 months) 
3 13 Aug 2010 – 31 Dec 2015  
(5.4 years) 
Daily 13 Nov 2012 – 20 Dec 2013  
(13 months) 
5 1 Jan 2006 – 31 Dec 2016  
(11 years) 
Monthly 1 Jan 2008 – 31 Dec 2009  
(24 months) 
1Location aliases are retained as a nested sample from an earlier study (Setty et al., 2017). 
 
“Location 1” in northern France comprises one municipality with complete geographical 
correspondence to the water service area. The climate regime includes cold winters and hot summers 
with daily average maximum temperatures between 6°C and 26°C and periodic heavy precipitation in 
spring, summer, and fall. The area is on the outskirts of a large urban center, with a sizeable immigrant 
population (about 25% in 2013). In 2013, about 26.4% of the population lived below the poverty line 
(INSEE, n.d.). The primary drinking water source is a large river upstream of the urban center in a 
residential- and agriculture-dominated watershed with some treated wastewater discharges (Garcia-
Armisen & Servais, 2007). Water quality is moderate relative to the other two sites, and treated water 
quality parameters were generally stable over the study period with an improvement in turbidity and total 
coliform compliance (Setty et al., 2017). These outcomes matched the observed health improvement. 
“Location 3” in southern France comprises four municipalities, each with 20-60% correspondence 
to the water service area due to cross-connections with other water supplies. Supplementary sources are 
expected to be equivalent or higher quality groundwater. The climate is oceanic, generally mild, and 
wetter than location 1 with average temperatures between 11°C and 27°C. On average across the four 
municipalities, 7.1% of the population lived below the poverty line in 2013 (INSEE, n.d.). The public water 
system was first built in 1850, and draws mainly from high-quality groundwater aquifers. Treatment is 
streamlined (Table 8) as the source is partially protected. Over the study period, the relatively good water 
quality degraded somewhat in terms of total coliform, heterotrophic plate count, and turbidity levels (Setty 
et al., 2017). Acute gastroenteritis rates increased from before to after WSP implementation, but were not 
significantly different from a nearby non-WSP comparison area. 
At “location 5” in Spain, two municipalities correspond to the water service area. The climate is 
intermediate between Mediterranean and humid subtropical, with mild winters and hot summers. Average 
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daily maximum temperatures range from 15°C to 29°C. Light precipitation is common throughout the year 
and becomes slightly heavier in the fall. Although estimates are not available at the municipal level, the 
proportion of the regional population living below the poverty line is about 24% (Idescat, n.d.). The water 
supply is an intermittently dry river with variable supplementation from groundwater and, occasionally, 
desalinated seawater. Multiple contamination sources have been identified in the increasingly developed 
watershed, including treated wastewater and periodic gasoline storage leaks. Water quality is poor 
relative to the other study locations, but trihalomethane, total organic carbon, and turbidity levels 
improved in treated water over the study period (Setty et al., 2017). These water quality improvements did 
not match the observed significant increase in acute gastroenteritis found among those age 15 and over, 
relative to a comparison area. 
At locations 1 and 3, water typically travels from source to tap within 1-2 days. For location 1, 
transit time through the treatment plant is 2.3-7.9 hours, or 4.7 hours on average. Distribution usually 
requires 3-6 hours, but takes up to 24 hours in some parts of the system. For location 3, transit time 
through the treatment plant requires 12-24 hours depending on the flow rate. Most transit times in the 
network are 6-12 hours, topping out at about 24 hours in the farthest reaches of the system. At location 5, 
total transit time from source to tap ranges from about a half-day to 10.5 days. Estimated transit time from 
the river intake to the plant outlet is approximately 6 hours, and distribution from the plant outlet to 
residential taps varies from hours up to 10 days. For longer transit times, re-chlorination takes place at 
storage tanks throughout the distribution network. 
Data Compilation 
Exposure and control variables of interest were identified via literature review (Table 10). Air 
temperature can affect multiple modes of disease transmission. Hydrology (including precipitation and 
river flow) helps to describe transport processes for pathogens, such as nonpoint source pollution of 
surface waters. Frequently measured water quality parameters relevant to pathogen survival included 
temperature, turbidity (particle content), UV absorption (an indicator of organic matter), and residual free 
chlorine used for disinfection. Finished water flow may be a proxy for drinking water consumption. Finally, 
the amount and percentage contribution of surface water is relevant for discerning variable exposure to 
surface versus groundwater sources at location 5, which may be mixed or used in isolation. Controls 
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addressed potential variability in disease reporting behaviors over time. Since the effects of a changing 
management regime are likely to emerge over a lengthy implementation period rather than a single time 
point, we stratified the data by time periods before WSP introduction, from WSP team formation to WSP 
certification (during), and post-certification (after).   
Table 10. Data availability at each study location1 
Variables Location 1 Location 3 Location 5 
Exposure 
Air Temperature Y Y Y 
Precipitation Y Y Y 
River Flow Y N/A N  
Temperature (Raw Water) N N Y 
Turbidity (Raw Water) N 2012-15 Y 
UV absorption (Raw Water) N N Y 
Turbidity (Finished Water) N Y Y 
Free Cl (Finished Water) N Y Y 
Daily Flow (Finished Water) N 2012-15 Y 
Amount and % Surface Water N/A N/A Y 
Control 
Month/Day/Weekday Y Y Y 
Holidays (Work/School) Y Y Y 
Dependent 
Acute Gastroenteritis Cases Y Y Y 
Population (offset) Y2 Y2 Y 
1Y=yes, N=no, N/A=not applicable, partial data specified by year 
2Due to reporting delays for locations 1 and 3, extrapolated population data were used for 2015. 
 
Data were collated from: utility records of water quality and flow sensor readings, calendar and 
meteorological records for each location (Idescat, n.d.; Meteo France, n.d.), source water monitoring 
(French Ministry of Ecology Sustainable Development and Energy, n.d.), and public health and population 
records. Acute gastroenteritis surveillance is based on hospital reporting (ICD-9-CM codes for intestinal 
infectious diseases 001-009) in Spain, courtesy of Servei Català de la Salut (CatSalut), and an algorithm 
for processing prescription reimbursement records (e.g., for anti-emetics, antispasmodics, and oral 
rehydration salts) in France (Bounoure et al., 2011), courtesy of Santé Publique France and the French 
national health insurance program. This public health surveillance data are expected to capture about 
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33% of total cases in France and about 1-2% in Spain (Bounoure et al., 2011). Use of data from human 
subjects was approved by the Institutional Review Board (IRB) at the University of North Carolina at 
Chapel Hill (study #15-2118). Annual population data at the municipal level was provided by the National 
Institute of Statistics and Economic Studies (INSEE) in France and the Statistical Institute of Catalonia 
(Idescat) in Spain. Linear regression was used to extrapolate municipal population data for 2015 in 
France, due to delayed reporting. 
Several parameters were excluded because data from a substantial proportion of days were 
missing, including manually measured water quality indicators (e.g., heterotrophic plate counts in finished 
water at location 1, free chlorine in the distribution system at location 5), and raw water turbidity and daily 
flow of finished water at location 3. For higher resolution datasets (e.g., sensor readings taken multiple 
times per day), daily (locations 1 and 3) or monthly (location 5) averages were generated. Daily or 
monthly minima were extracted for free chlorine, and daily or monthly maxima for turbidity. Values below 
lower detection limits were set to zero, and values above upper detection limits were set to the upper 
detection limit. Missing data were left as missing. In particular, values for air temperature and precipitation 
were not reported from February 21-28 of each year for location 1 only. If extreme values were observed, 
these were submitted to the utility for reexamination, although in general, outliers were deemed to be 
correct and were not excluded from the dataset.  
Data Analysis 
A new continuous variable was created for daily runoff at locations 1 and 3, defined as the 
amount of precipitation over 10 mm at temperatures above 0°C (Beaudeau, Schwartz, et al., 2014). New 
dummy variables were created to flag “heavy” precipitation events above the 90th percentile (5.2 mm for 
location 1; 8 mm for location 3) over the multiyear study period (Carlton et al., 2014; Curriero, Patz, Rose, 
& Lele, 2001), “flush” events5 defined as runoff following a two-week antecedent dry period (Tiefenthaler 
& Schiff, 2003; Yuan, Guerra, & Kim, 2017), and day-to-day rises in average turbidity greater than the 
interquartile range (0.129 NTU at location 3) (Barbeau et al., 2003). Control parameters included the full 
                                                     
5A flush event here refers to suspected contamination of surface water supplies with land-based pollutants or 
resuspended sediments. Depending on the intensity and location, such events could affect pathogen transmission 
routes besides drinking water supply, for example via physical contact with contaminated storm water or floodwater. 
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date time series (to account for multiyear trends), month of the year (to account for seasonal pathogen 
transmission trends), day of the week (to account for weekends), work/school holidays (to account for 
medical visit behaviors), day of the month (to account for pay period effects), and one-week or one-month 
lag of cases (to account for residual auto-correlation from secondary contagion).  
Data analysis was conducted using SAS 9.4. Parameters were plotted over time to visualize 
trends, and descriptive statistics were calculated. Correlation tests identified multicollinearity among 
variables, and variables highly correlated with the outcome measure. For daily data from locations 1 and 
3, univariable Poisson regression models were run to test lag times of up to 15 days for each exposure 
variable based on existing studies (Beaudeau et al., 2012; Beaudeau, Zeghnoun, et al., 2014; De Roos et 
al., 2017). For monthly data from location 5, a one-month lag time was considered, incorporating about 
30-60 days prior to case reporting (depending on when the case occurred within the month). The most 
appropriate time lag(s) were identified for each parameter, taking into account expected transit time, 
pathogen latency, reporting delays, consistent direction of effect, and statistical significance over multiple 
days. Moving averages (or moving totals for dummy variables) were calculated for multi-day time 
windows where appropriate.  
Generalized additive models with Poisson regression (Beaudeau, 2003) were used to assess the 
influence of each control and exposure parameter on recorded acute gastroenteritis cases, using cubic 
smoothing splines, a natural log link function, and an offset equal to the annual population from the 
municipalities in the water service area. The GAM procedure was applied in SAS, constraining the 
parameter estimate for the offset to one, which is equivalent to modeling the rate as the dependent 
variable (Equation 1). The procedure relaxes the assumption of linearity by separating linear terms 
(traditional multiple regression output) and nonlinear splines, which are additive. Thus, splines are a 
discretionary addition to the linear terms.  
ln(Cases/Population) = β0 + βi*Controls + spline(Controls) + βj*Exposures + spline(Exposures)  (Eq. 1) 
Models were fit separately to the full datasets at each location based on correlation tests, the 
univariable model results, parameter significance after introduction of controls, and plausibility based on 
existing literature regarding exposure pathways. Potential interaction and higher order terms were 
considered, and two alternative models were fit by dropping non-significant or multicollinear terms. The 
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final model for each location was selected to minimize overall deviance. Splines were included by default 
for continuous exposure variables, and retained especially when significant nonlinearity was identified. 
Generalized cross-validation was used at first to select optimal degrees of freedom for the splines; 
however, extremely high or low values were then restricted to a range of 4 (default) to 12 degrees of 
freedom. Temporal indicators (WSP implementation status, month, weekday, work/school holidays, day of 
month) were entered as class (categorical) variables, along with the lagged number of cases as a 
continuous variable and a spline function of date (converted to a continuous numeric sequence), to better 
isolate which variations in the data stemmed from these suspected influences.  
All-ages and all-municipalities health data were used to maximize power of the model, since the 
previous study showed trends were driven by the largest (adult) group and the full water service area at 
location 3 (Setty et al., 2017).The datasets were not split into training and validation datasets, since this 
would further reduce power and the models were not intended for prediction. Where adequate sample 
size allowed, the stage of WSP implementation was tested as an effect modifier by stratifying the 
datasets into relevant time periods (before WSP team formation vs. after WSP certification) to determine 
how the relationship between the most relevant exposure variables and acute gastroenteritis outcomes 
may have differed within subsets of the data.  
Sensitivity Testing 
Sensitivity analyses were conducted to evaluate the influence of key methodological decisions 
(Bhaskaran, Gasparrini, Hajat, Smeeth, & Armstrong, 2013). One such option was to exclude turbidity 
and free chlorine data suspected of being affected by temporary plant shutdowns or sensor failures at 
location 3, although no historical records were available to accurately document these events. A 
suspected shutdown or failure was defined as a free chlorine value less than 0.05 mg/L for more than two 
hours, or an unchanged turbidity value for at least 24 hours. Sensor data from location 1 were not 
available (Table 10) and sensor data from location 5 were validated by technicians in the plant at the time 
of recording. Additional sensitivity tests were conducted on the location 1 model for the choice of 
antecedent dry period (using 12 or 16 days rather than 14) and the time lag of cases selected to control 
for secondary contagion (using 3, 5, or 9 days rather than 7). Time lags up to 45 days (rather than 15) 
were also examined for the most relevant exposure variables at locations 1 and 3.  
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Results 
Descriptive statistics were calculated for the range of parameters (Table 11). Recorded acute 
gastroenteritis cases and rates were much higher at the French locations due to differences in 
surveillance methods. Air temperatures represent daily averages in France and daily maxima in Spain 
(Table 11). The maximum amount of missing data was 2.3% for weather records at location 1. For 
sensitivity analyses, cleaning of online sensor datasets to remove periods of suspected plant shutdowns 
and sensor failures at location 3 resulted in a further loss of about 6% of the turbidity data and about 4% 
of the free chlorine data. At location 3, free chlorine daily averages and daily minima showed very little 
variation, while raw water turbidity and river flow at location 5 varied widely.  
Table 11. Descriptive statistics for continuous and count variables considered for inclusion in the models at 
each location 
Location 1 (recorded or computed daily values) 






Min Median Mean Max Variance 





2130 0% 96.6% 0 0.252 0.273 1.20 0.036 
Air Temp °C 2081 2.3%1 >99.9% -8.1 12.8 12.4 29.5 43.7 
Precipitation mm 2081 2.3%1 42.3% 0 0 1.7 50.0 17.1 
River Flow m3/s 2129 <0.1% 100% 46.7 152.0 221.9 865.0 2.71E4 
Location 3 (recorded or computed daily values) 






Min Median Mean Max Variance 





1967 0% 97.9% 0 0.281 0.335 2.96 0.078 
Air Temp °C 1953 0.7% 100% -5.4 14.8 14.5 30.6 39.5 
Precipitation mm 1953 0.7% 40.1% 0 0 2.2 49.6 25.8 
Turbidity 
(Fin. Water) 
NTU 1960 0.4% 99.7% 0 0.23 0.33 9.92 0.29 
Turbid Max 
(Fin. Water) 
NTU 1960 0.4% 99.7% 0 0.34 0.79 10.02 2.75 
Free Cl 
(Fin. Water) 
mg/L 1961 0.3% 96.7% 0 0.12 0.13 0.61 3.7E-3 
Free Cl Min 
(Fin. Water) 
mg/L 1961 0.3% 87.4% 0 0.08 0.08 0.52 2.5E-3 
Location 5 (recorded or computed monthly values) 
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Min Median Mean Max Variance 





132 0% 99.2% 0 0.028 0.033 0.101 3.28E-4 
Air Temp °C 132 0% 100% 11.0 21.7 21.9 34.3 36.0 
Precipitation mm 132 0% 99.2% 0 30.4 45.0 223.6 1961.4 
Water Temp °C 132 0% 100% 7.32 17.90 17.37 28.03 40.26 
Turbidity 
(Raw Water) 
NTU 132 0% 100% 4.64 120.70 215.67 943.64 5.23E4 
Turbid Max 
(Raw Water) 





132 0% 100% 6.59 10.91 11.59 20.28 7.49 
Turbidity 
(Fin. Water) 
NTU 132 0% 100% <0.01 0.17 0.17 1.03 0.01 
Turbid Max 
(Fin. Water) 
NTU 132 0% 100% 0.17 0.64 8.91 540 4058 
TOC 
(Fin. Water) 
mg/L 131 0.8% 100% 0.38 1.30 1.56 4.13 0.63 
Free Cl  
(Fin. Water) 
mg/L 132 0% 100% 0.69 0.96 0.96 1.24 0.01 
Free Cl Min 
(Fin. Water) 









% 132 0% 100% <1 76 73 97 4 
1Values for air temperature and precipitation were missing from February 21-28 of each year at location 1. 
When all-causes acute gastroenteritis rates were graphed over time, seasonal winter peaks were 
apparent in France (locations 1 and 3), likely due to person-to-person norovirus transmission (Figure 3 
and Figure 4). Both French locations revealed some tapering off of seasonal peaks in later years of the 
dataset. Rates at location 5, in contrast, appear to increase over time (Figure 5). Seasonal patterns are 
less apparent, potentially due to the different public health surveillance methods (lower resolution monthly 
hospital cases in Spain versus higher resolution daily prescription monitoring in France) and/or the milder 
climate in Spain (higher and less variable temperature range). 
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Figure 3. Daily acute gastroenteritis incidence rates (cases/day) comprising all exposure pathways at 
location 1 
 




Figure 5. Monthly acute gastroenteritis incidence rates (cases/month) comprising all exposure pathways at 
location 5 
Where daily data were available, univariable testing of lag times up to 15 days prior to case 
reporting showed some significant single-lag relationships for all examined variables prior to introduction 
of control variables, using the adaptive Holm procedure for p-value adjustment (Table 12). In comparison 
to location 3, stronger multiday relationships between hydrological parameters (related to precipitation, 
runoff, and flow) and acute gastroenteritis were seen at location 1, where the surface water supply is 
directly influenced by weather events and alternate water sources are not used. Depending on the 
variable, lag times may include transit time prior to exposure (e.g., to plant intake, through treatment 
plant, and/or through distribution system). With similar transit times at locations 1 and 3, hydrological 
exposure variables were most consistently significant 6-9 days prior to case reporting, although some 
multiday windows of significance were also seen with variables recorded between 1-3 days and 13-15 
days prior to case reporting. For some variables, transformation better captured suspected exposure 
pathways and improved relevance to overall health outcomes. For example, at location 3 the turbidity 
maximum and interquartile “rise” in daily average turbidity variables performed better than the turbidity 
daily average. 
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Table 12. Significance1 of linear parameter estimates regressing acute gastroenteritis rates on individual 
exposure variables over tested lag times (in days prior to case reporting) prior2 to introduction of control 
variables at locations 1 and 3 
Variable3 
Lag (in days) 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
Location 1 
Air Temperature ***   ***     * * *** *  **  
Precipitation * ** * ** ** *** *** *** **  ** * ***  * 
Runoff    * *** *** ***   ***  * ***   
Heavy Precip.  ***  *  ** *** ** ***    *  * 
Flush Event ***     *** *** ***     *** *** *** 
River Flow  *     **         
Location 3 
Air Temperature *** 
     
* ** 
   





*** *** *** *** 
   
***   
Runoff 
     
*** 
 
*** *** * * 
 
**   
Heavy Precip.  *** ***   **  *** *** ***   ** *  




*** **  
Turbid. Daily 
Ave. 







*** *** *** ** ** *** * *** *** ** 
Rise in Turbidity  * *** ***  *** *** ***  ***   *** *** *** 
Free Cl Daily 
Ave. 
  *       **    * *** 
Free Cl Daily 
Min 
*** *** *** ** *** *** ***  ***   *** *** *** *** 
1Significance; p<0.1*, p<0.01**, p<0.001*** with adaptive Holm adjustment. If significant, shading indicates a positive 
linear association. For continuous variables, bold indicates significant nonlinearity.  
2Boxes show variables and associated lag times included in final models after introduction of controls. 
3Model form for testing univariable lag times: ln(Cases/Population) = β0 + β1*Exposure + … + β15*Exposure + 
spline1(Exposure) + … + spline15(Exposure) 
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After introduction of controls, fewer exposure variables remained significant in the final models,6 
which were selected based on goodness of fit. Model diagnostics suggested the Poisson link was 
appropriate for the data, as Pearson’s scaling factor was less than two in all cases. Model deviances 
were similar to the expected values based on the number of observations and degrees of freedom. As 
expected, parameter estimates were fairly small (Table 13), since drinking water exposures are likely 
secondary to other transmission methods in high-income settings. The time lags and moving averages 
tested were generally held constant for each variable added to the model where they were based on co-
occurring events (i.e., days 6-8 for location 1; days 6-9 for location 3 hydrological variables, days 6-8 and 
13-14 for location 3 water quality variables). If independent variables were highly correlated (e.g., 
precipitation vs. runoff), the one with the stronger association was retained. Some moderately correlated 
explanatory variables (e.g., 6-8 day lagged precipitation and flush events) were retained due to suspected 
direct and indirect effects. The rate ratio compares exposed to unexposed persons, with a null value of 
one. Percentage change was calculated by dividing the difference between the rate ratio and the null 
value by the rate ratio, estimating the change in disease burden associated with a one-unit or one-level 
change in exposure.  
                                                     
6f(controls)locations 1,3 = β0 + β1-5*Year + β6-17*Month + β18-48*Day of Month + β49-55*Weekday + β56-57*Work 
Holidays + β58-59*School Holidays + β60*Lagged Cases7 + β61*Date + spline(Date)  
f(exposures)location 1 = β62*Flush Event6-8 + β63*PrecipitationAverage,6-8 + spline(PrecipitationAverage,6-8) 
f(exposures)location 3 = β62*Temperature1 + spline(Temperature1) + β63*Turbidity Max0-15 + spline(Turbidity 
Max0-15) 
f(controls)location 5 = β0 + β1-10*Year + β11-22*Month + β23*Lagged Cases1 + spline(Lagged Cases1) + 
β24*Date + spline(Date) 
f(exposures)location 5 = β25*Temperature1 + spline(Temperature1) + β26*Temperature12 + 
spline(Temperature12) + β27*Precipitation1 + spline(Precipitation1) + β28*TurbidityFin.,1 + 
spline(TurbidityFin.,1) + β29*Free ClFin. + spline(Free ClFin.) + β30*FlowFin. + spline(FlowFin.) 
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Table 13. All-ages acute gastroenteritis incidence rate ratios for the linear component of only significant 
exposure variables (at specified lag times prior to case reporting) from the final model at each location 















1 Flush  
(days 6-8) 
0.109 0.003 1.115 1.035, 1.200 10.3% N/A 
Precipitation  
(days 6-8) 
-0.011 <0.001 0.989  0.983, 0.996 -1.6% No 
3 Air Temp 
(day 1) 
-0.009 <0.001 0.991 0.987, 0.994 -0.9% Yes 
Turbid Max 
(days 0-15) 
0.042 <0.001 1.043 1.024, 1.061 4.3% Yes 
5 Air Temp 
(month 1) 
-0.264 0.029 0.768 0.608, 0.969 -30.3% No 
Precipitation 
(month 1) 
0.0251 0.043 1.025 1.001, 1.050 2.5% No 
Flow Fin. 0.0091 0.002 1.009 1.003, 1.014 0.9% No 
Turbid Fin. 
(month 1) 
0.1011 0.025 1.106 1.014, 1.206 9.6% No 
Free Cl -0.1771 0.011 0.837 0.733, 0.956 -19.4% No 
1For interpretation, estimates are scaled from a one-unit change to a 0.1-unit change for finished water average 
turbidity (NTU) and free chlorine (mg/L) at location 5. Estimates are scaled from a 1-unit change to a 10-unit change 
for precipitation (mm) and finished water flow (x 103 m3/day) at location 5. 
 
Among exposure variables, higher air temperatures were significantly associated with fewer 
cases of acute gastroenteritis at locations 3 and 5 (Table 13). There was some evidence to support a 
higher-order relationship, suggesting a small number of additional cases at very high temperatures (e.g., 
location 5 air temperature squared, β=0.005, p=0.052). Some risk was associated with hydrological 
factors, especially flush events for the surface water source at location 1. Flush events could not be 
tested at location 5 due to the monthly data resolution. Precipitation showed a positive association at 
location 5, despite the management intervention of switching to groundwater sources during heavy rain. 
Precipitation was negatively associated with acute gastroenteritis at location 1, potentially due to dilution 
at higher precipitation levels, improved coagulation effectiveness, and/or the ultrafiltration step added in 
July 2010. At location 1, the trended spline for the 6-8-day lagged precipitation moving average showed a 
non-significant deviation from the linear trend between 5 and 15 mm, which coincided with the 10-mm 
value used to define runoff and flush events (Figure 6). In the monthly time series model at location 5, no 
effects were significantly nonlinear. Examples of significant nonlinear trends are presented for the prior 
day’s air temperature and daily maximum turbidity moving average from location 3 (Figures 7 and 8).  
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Figure 6. Trended nonlinear relationship between 6-8-day precipitation moving average and acute 
gastroenteritis rate ratio at location 1, with 95% confidence band (spline χ2=4.82, p=0.443) 
 
Figure 7. Trended nonlinear relationship between the one-day lag of air temperature and acute gastroenteritis 
rate ratio at location 3, with 95% confidence band (spline χ2=10.83, p=0.013) 
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Figure 8. Trended nonlinear relationship between the 0-15 day moving average of daily maximum turbidity in 
finished water and acute gastroenteritis rate ratio at location 3, with 95% confidence band (spline χ2=10.53, 
p=0.015) 
At locations 1 and 3, control variables included in the final models (not shown in Table 13) were 
related to acute gastroenteritis reporting, including year and month (p<0.10 for each). Day of the month 
was significant (p<0.01 on most days) at location 3, with greater reporting at the beginning of the month. 
At location 1, reporting appeared more common toward the end of the month (p<0.20 on most days). At 
both locations, weekday had a significant influence on reporting of acute gastroenteritis (p<0.001 for each 
day), with an overall decreasing trend from Monday to Sunday. Reporting was significantly lower on work 
and school holidays (p<0.001 for each), likely due to changes in care-seeking behaviors and reduced 
access to pharmacies. The seven-day lag of cases was significant at location 1 (β=0.005, p<0.001) and 
location 3 (β=0.007, p<0.001). In contrast, at location 5, seasonal control variables (year, month, and 
school holidays), as well as the one-month lag of cases, were not significantly related to the monthly 
acute gastroenteritis records.  
The final models were then applied to data stratified by WSP implementation status (Table 14). At 
location 1, the flush parameter had a robust association (β=0.148, p=0.046) in the before period (365 
days), whereas the 6-8-day precipitation moving average parameter was not significant (β=-0.002, 
p=0.799). In the after period (1420 days), the flush parameter remained significant (β=0.099, p=0.033), 
and the precipitation parameter also became significant (β=-0.012, p=0.002), potentially due to treatment 
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improvements (e.g., ultrafiltration). When data were subdivided by WSP status at location 3, the turbidity 
indicator had a similar parameter estimate (β=0.042, p=0.087) before WSP implementation (823 days), 
but was not significant. The relationship between turbidity and health outcomes appeared to weaken 
substantially (β=-0.008, p=0.669) in the period after WSP implementation (741 days). At location 5, the 
before period (24 months) had too few observations to model. In the after period (84 months), the most 
relevant indicators were the one-month lag of average precipitation (β=0.005, p=0.011), finished flow 
(scaled β=0.010, p=0.002), and the one-month lag of average turbidity (scaled β=0.113, p=0.103). The 
precipitation variable showed significant nonlinearity in the after period (spline χ2= 5.75, p=0.039) with risk 
peaking at more than 70 mm per month. 
Table 14. All-ages acute gastroenteritis incidence rate ratios for the linear component of relevant variables 
(at specified lag times prior to case reporting) tested after stratification of data into time periods before and 

















































-0.008 0.669 0.992 0.954, 1.031 -0.8% No 
5 Before 
(n=24) 





0.0471 0.011* 1.048 1.011, 1.086 4.8% Yes 
After 
(n=84) 





0.1131 0.103 1.119 0.978, 1.281 11.9% No 
1For interpretation, estimates are scaled from a one-unit change to a 0.1-unit change for finished water average 
turbidity (NTU) at location 5. Estimates are scaled from a 1-unit change to a 10-unit change for precipitation (mm) 




When examining sensitivity to suspected plant shutdowns and sensor failures, the full dataset 
seemed to offer a better approximation of the exposures of interest. Including all turbidity data improved 
significance of the exposure variable but increased model deviance. Using the cleaned dataset for 
location 3, the turbidity variable of interest (15-day moving average of daily maxima with 6% missing data) 
was not significant (p=0.120). Using the cleaned dataset instead shifted more influence to the control 
variables, while decreasing model deviance. The cleaned chlorine data set was not ultimately used; this 
variable was excluded from the final model due to suspected multicollinearity with turbidity.  
Sensitivity tests altering the antecedent dry period at location 1 resulted in a non-significant flush 
indicator (β=0.044, p=0.221 at 12 days and 0.075, p=0.052 at 16 days), suggesting the model was 
sensitive to this value and the literature-based estimate of 14 days was appropriate for this location. The 
model was robust to shorter lag times for cases (3 or 5 days) used to control for secondary contagion, but 
not to longer lag times (β=4.98E-4, p=0.654 for 9 days). Testing longer time lags for the flush parameter 
(up to 45 days) suggested two additional periods of multi-day significance (>2 days) at 20-22 days and 
28-30 days (p<0.001). Since the spacing of these windows was relatively even in the univariable models, 
the later periods may reflect cycles of secondary contagion that dissipate over time. Later time periods 
(beyond 6-8 days) were not significant when introduced into the final location 1 model with controls. The 
turbidity maxima at location 3 similarly showed two additional periods of multi-day significance at 20-22 
days and 27-29 days (p<0.001), which were significant (β=0.026, p<0.001 and β=0.027, p<0.001, 
respectively) when introduced into the final location 3 model, alongside controls.  
Discussion 
Importantly, this study identified a number of significant linkages between drinking water-related 
exposures and health outcomes at all studied WSP locations. This serves to clarify the mechanism for the 
large-scale changes in health outcomes noted in an earlier study, and validate that the observed changes 
may have stemmed from drinking water safety interventions (Setty et al., 2017). The most important 
explanatory variables for acute gastroenteritis outcomes were flush events tied to surface runoff after an 
antecedent dry period at location 1, and finished water daily average or maximum turbidity levels across 
locations with groundwater or combined surface and groundwater sources (Table 13). Site-specific 
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modeling exercises are recommended, as data availability and relevant processes (e.g., source water 
types, treatment approaches, cultural factors) varied among locations.  
Despite concerns about low-resolution public health surveillance data in Spain, location 5 yielded 
the longest-running eleven-year dataset and the model benefited from matching the health data with high-
resolution water quality data (i.e., central tendencies calculated from hundreds to thousands of 
measurements per month). Models revealed a number of significant explanatory variables, albeit with 
slightly less statistical confidence (Table 13), demonstrating the potential value of time series models over 
a range of time scales (Bhaskaran et al., 2013). Hospital records of acute gastroenteritis may be common 
in public health surveillance data in other high-income nations, making location 5 a potentially useful and 
transferable case example for risk assessment. 
Level of Risk 
Based on raw 2010-2015 data from France, daily recorded rates of acute gastroenteritis ranged 
from zero to 2.96 cases per 1000 person-days (Table 11) or 0.09 to 0.14 cases per person per year on 
average. Recorded rates were much lower in Spain due to differences in the public health surveillance 
method. Estimating the drinking water attributable burden at around 12% (Colford Jr. et al., 2006) would 
put attributable rates for these areas at approximately 0.011 to 0.017 cases per person-year. These rates 
are fairly low (Messner et al., 2006; Murphy, Thomas, Medeiros, & Pintar, 2016) but relevant in 
comparison acceptable disease risks of 1E-3 cases per person-year (WHO target) or 1E-4 cases per 
person-year (the Suez company’s internal target). What might be considered acceptable by the 
populations under study is subjective (Hunter and Fewtrell 2001). At location 3, for example, a previous 
study (Setty et al., 2017) noted that cancer mortality risk from disinfection byproducts (Corso, Galey, & 
Beaudeau, 2017) poses a concern alongside acute gastroenteritis morbidity. Therefore, there may be a 
need to optimize multiple public health goals when managing drinking water supplies. Accounting in a 
common unit such as disability-adjusted life years could assist with transparent decision making and 
communication in such cases (WHO, 2010).  
Weather 
Air and water temperature may have multiple effects on acute gastroenteritis occurring on 
different timescales and via different routes. These include effects of dehydration on reporting in the near-
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term (Beaudeau, Schwartz, et al., 2014) and longer-term effects on pathogen survival in the environment 
and on surfaces, as well as bacterial multiplication in food (Zhou et al., 2013). The nonlinear trend for the 
one-day lag of temperature at location 3 (Figure 7), for example, demonstrates the protective role of 
increasing temperatures in a low temperature range (potentially from less time spent indoors) and the 
harmful role of increasing temperatures at higher ranges (potentially from symptom worsening due to 
dehydration). The prior month’s air temperatures were strongly associated with disease rates at location 5 
(Table 13), where seasonality is less distinct (Figure 5). The relationship between finished flow and acute 
gastroenteritis at location 5 (Table 13) was not significantly nonlinear (spline p=0.146), but graphically the 
risk heightened at production of about 650,000 m3/day (roughly double the average flow), potentially due 
to increased drinking water consumption during periods of high demand. 
Flush events accompanied by nonpoint source pollution and/or sediment resuspension were 
significantly related to health outcomes (Table 13) and appeared to play a role in pathogen transport at 
location 1; however, health risks were also negatively associated with increasing precipitation, potentially 
via dilution or an improved coagulation or ultrafiltration treatment step in more turbid source waters. 
Taken in combination, a flush event could correspond to a greater than null risk level in the range from 
about 3.5 mm (sufficient to define a single flush event on one of the preceding 6-8 days) to 12 mm (where 
risk begins to decline sharply) of average precipitation during the preceding 6-8 days (Figure 6; Table 13). 
The relative reduction in health risks previously observed at location 1 (Setty et al., 2017) and the 
stratified time period models from this study (Table 14) suggest management measures associated with 
the WSP have been effective in this location. Continuous water quality data and operational records that 
might offer greater insight were not available due to temporary reassignment of the plant manager from 
2011 to 2013. 
Multiyear Trends 
The multiyear nonlinear trend in acute gastroenteritis rates associated with the date series at 
location 1 suggested an initial steep decline (from 2010) followed by settling around the null value and 
finally a slight upswing in 2015 (p<0.001). This matches broader trends identified since 2009 for all of 
France using prescription algorithm data (Rivière et al., 2017). The nonlinear trend at location 3 showed 
relatively even fluctuations around the null value, with peaks in 2011, 2013, and 2015 and dips in 2012 
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and 2014 (p<0.001). The location 5 date series was not significantly nonlinear, but rates appeared to 
increase from 2006 to 2008 and then dropped to a smaller degree in 2014 (p=0.166). This coincides with 
the trend observed nearby in France based on practitioner reporting prior to 2009, via the GP Sentinelles 
network (Rivière et al., 2017). 
Multiyear differences may be due to long-term random variation in climate patterns and/or 
changes in pathogen virulence, which is suspected in recent years in France (Rivière et al., 2017). 
Nevertheless, acute gastroenteritis rates at location 1 were previously shown to have been significantly 
lower following WSP implementation relative to a nearby non-WSP comparison area, potentially due to 
treatment plant upgrades (Setty et al., 2017). Few significant changes were observed in finished water 
quality, suggesting that source water quality and watershed activities remained fairly stable; however, 
compliance with turbidity and total coliform standards improved, matching the identified health outcomes. 
Based on the present study, the comparison area downstream of the urban center may also have been 
more vulnerable to nonpoint source pollution from impermeable surfaces during flush events. Both areas 
were upstream of (not affected by) the urban area’s largest combined sewer overflow (Even et al., 2007; 
Passerat, Koffi, Mouchel, Rocher, & Servais, 2010).  
Turbidity 
Modeling results suggested turbidity-associated risk was driven by intermittent peaks, rather than 
the steady state conditions. Turbidity levels above 1 NTU often relate to pathogen exposure, although 
variation may stem from site heterogeneity (Beaudeau, 2003; De Roos et al., 2017). Current French and 
Spanish standards recommend maintaining turbidity levels below 0.5 NTU at the plant outlet (Setty et al., 
2017). Turbidity levels at location 3 included intermittent peaks ranging from 0-6 NTU (Table 11), 
supporting the finding of a 4.2% increase in disease burden associated with each 1-NTU rise in the 
lagged 1-15-day moving average of daily turbidity maxima (Table 13). The trended rate ratio rose steadily 
between 1 and 5 NTU (Figure 8). In an alternative model segregating turbidity by shorter lag windows, 6-
8-day and 13-14-day lags were significant (β= 0.019, p<0.001 and β=0.020, p<0.001, respectively); 
however, overall model deviance was reduced by including the longer time period. Sensitivity tests 
showed relevance of this variable over up to a 30-day period in evenly spaced windows. Because transit 
time was fairly consistent throughout the distribution system, this suggests either a higher rate of 
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secondary contagion (compared to location 1) or possibly the relevance of more than one pathogen type 
and corresponding incubation period at location 3. At location 5, the averaged one-month lag of finished 
water turbidity values had a range of about 0-1 NTU and the final model suggested a 9.6% increase in 
acute gastroenteritis rates for every 0.1 NTU increase in the monthly average. Observed changes in the 
monthly average were influenced in some cases by up to three peaks per month over 2 NTU.  
WSP Implementation Status 
The role of WSP implementation differed among locations. The before period at location 5 could 
not be modeled due to data paucity. Still, the increase in acute gastroenteritis rates previously noted 
among adults (Setty et al., 2017) combined with the significant associations between drinking water 
related exposures and health outcomes found in this study recommend additional attention to risks such 
as precipitation events and turbidity peaks. At location 1, a protective association between heavier 
precipitation and health outcomes appeared following WSP implementation, suggesting treatment 
improvements (e.g., ultrafiltration installation in 2010 or variable coagulant dosing) have been effective. 
When time periods were examined individually at location 3, the relationship between turbidity and acute 
gastroenteritis appears to have weakened in the post-WSP period, perhaps due to the role played by 
more consistent lower limits for chlorine. In a previous study (Setty et al., 2017), though, this did not 
correspond to a reduced incidence of acute gastroenteritis. Despite improved compliance with the 
chlorination lower limits (established during WSP implementation in 2012), average free chlorine 
increased only slightly (0.015 mg/L) and other water quality indicators (total coliform, heterotrophic plate 
count, turbidity) worsened in the post-WSP period (Setty et al., 2017).  
The WSP controls limit free chlorine to a narrow range of values, and this low variance (Table 11) 
as well as apparent multicollinearity with turbidity made it difficult to characterize the free chlorine 
parameter in the final model (Table 13). Interim modeling results suggested increased free chlorine was 
harmful at location 3, although ongoing testing of one chlorine-resistant pathogen (Cryptosporidium) 
yields consistently negative results. Prior to treatment process changes in 2011 (adding a pre-
chlorination/pre-oxidation step and UV), highly turbid water was discarded. Retaining highly turbid water 
may account for the apparent worsening in water quality. Alternatively, chlorination could mask cultivable 
fecal indicators (e.g., E. coli), offering a false sense of assurance if the indicator organisms are more 
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susceptible to disinfection than pathogens of potential concern (e.g., norovirus) (Petterson & Stenström, 
2015). Pre-oxidation has also been accomplished using chlorine gas (Cl2) rather than chlorine dioxide 
(ClO2) since 2012, which could differentially affect pathogen survival. Controlling periodic chlorine spikes 
could have affected pathogen survival in treated water or distribution pipe biofilms. Or, if automated 
chlorine dosing is variable, we may have observed a strong positive association due to increased dosing 
when water is of poorer quality. Given suspected synergies between the free chlorine and turbidity 
variables, new WSP controls and/or treatment barriers for turbidity may be warranted as the WSP is 
iteratively updated. 
Comparison with Other Studies 
This study largely confirms the literature on drinking water-related gastrointestinal disease and 
contributors to health risks (Chhetri et al., 2017; Levy, Woster, Goldstein, & Carlton, 2016), while eliciting 
potential areas of site-specific management intervention. Precipitation, generally thought to be harmful, 
was inconsistently associated with acute gastroenteritis rates among sites, potentially due to differences 
in treatment processes and pollution sources. Chlorination, generally thought to be protective, also played 
an inconsistent role among sites. Relaxing the linearity assumption via generalized additive modeling 
offered a more nuanced understanding of variability in the relationship between acute gastroenteritis rates 
and common exposure variables. Transformation of variables to describe more precise exposure 
mechanisms (e.g., flush events considering the antecedent dry period as opposed to daily precipitation 
alone) was valuable in developing site-specific understanding of risks.  
Our study implicated periodic turbidity peaks and nonpoint source pollution of surface waters as 
key components of risk, although data was lacking at various points along the chain between water 
contamination, treatment, delivery, consumption, symptom development, and disease reporting. In a 
previous study (Setty et al., 2017), distribution systems appeared to play a lesser role than treatment 
processes at these locations; however, the magnitude of distribution networks’ relative contribution to 
contamination is understudied (Colford Jr. et al., 2006). In a recent review of waterborne outbreaks in 
Europe, North America, and New Zealand (Moreira & Bondelind, 2017), contaminants were introduced 
into distribution networks by cross-connections, pipe breaks, and wastewater intrusion. Consumers with 
predominantly surface water sources, such as locations 1 and 5, were most vulnerable to outbreaks 
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stemming from risks such as wastewater discharge, increased turbidity and color, and disinfection 
equipment malfunction. Primary causes of groundwater contamination were intrusion of animal feces or 
wastewater during heavy rain (Moreira & Bondelind, 2017).  
Information about pathogens of concern would help utility operators to manage risks. The 6-9 day 
lag times observed for hydrological variables in France (inclusive of transit time, treatment, distribution, 
exposure, incubation, and reporting) generally conformed with other studies (De Roos et al., 2017). 
These lag times suggest viral disease agents, which, among waterborne pathogens, have the shortest 
incubation period and are the most common cause of acute gastroenteritis in high income settings (De 
Roos et al., 2017; Rivière et al., 2017). Pathogens connected with waterborne outbreaks in other high-
income countries include norovirus, rotavirus, Campylobacter, Cryptosporidium, and Giardia (Moreira & 
Bondelind, 2017). In France, viral agents likely include norovirus along with rotavirus, astrovirus, 
adenovirus, and sapovirus (Lopman et al., 2003). Within-month chlorine levels had a protective 
association with health risk at location 5 (Table 13), suggesting predominance of viral and/or bacterial 
pathogens. Bacteria are the pathogen group most sensitive to chlorination, followed by enteric viruses, 
while protozoa are most persistent (Petterson & Stenström, 2015).  
Limitations 
Limitations included the study design and potential confounding. Time series studies are a type of 
ecological study based on passive observation of groups, so individual exposure is not well controlled 
(Hunter, Payment, Ashbolt, & Bartram, 2003). Misclassification of exposure is possible, because 
individuals likely move throughout the day, using multiple drinking water sources (including bottled and 
stored tap water) from work, home, school, and other public locations. The correspondence between the 
water service area and the municipalities where health data were measured was also less than 100% for 
location 3. Water quality indicators (e.g., turbidity, free chlorine) used in this study likewise do not 
measure pathogen presence directly, but serve as more readily measurable surrogates for exposure. The 
outcome measure is probably affected by missing data (Bounoure et al., 2011), especially for mild acute 
gastroenteritis cases treated at home. Additional indicators (e.g., high-resolution water quality data from 
distribution systems, self-reported consumption) were not typically available to confirm all steps in the 
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theoretical causal chain from water contamination to consumption to symptom development and 
reporting.  
Study limitations may have led to underestimation of relative risk. Although all variables were not 
tested beyond a 15-day time lag in France and 1-month time lag in Spain, multiple windows of potential 
significance (Table 12) and sensitivity test results suggest variable rates of secondary contagion and/or 
the presence of multiple pathogens or pathogen types, such as viruses, bacteria, and protozoa (Aramini 
et al., 2000; David, Ravel, Nesbitt, & Pintar, 2014; Egorov et al., 2003; Gilbert et al., 2006). Selecting the 
one or two most significant time lags could thus underestimate impact relative to including a larger range 
(e.g., up to 30 days) that captures all primary and secondary cases (Aramini et al., 2000; Beaudeau, 
2003). The pooled one-month lag window (ranging from about 30-60 days prior to case reporting) at 
location 5 may have more effectively captured secondary cases and multiple pathogen types, including 
Cryptosporidium and Giardia. Finally, while seasonal controls help to account for dominant exposure 
routes (e.g., person-to-person transmission), they may filter out consistent seasonal variations in water-
related exposures.  
Overestimation of population-level risks is also possible. Predominant acute gastroenteritis risk 
likely stems from foodborne and person-to-person transmission routes in these settings, and multiple 
factors could contribute to a single case of acute gastroenteritis. Controls were applied to filter out 
background levels as much as possible and isolate the signal related in full or part to drinking water 
exposure. The reported rate ratios best approximate relative risk for small effect sizes (within 20% of the 
null value). Attribution of risk is most appropriate when the exposure of interest causally influences the 
outcome, and this may not hold true for all exposure measures across all locations (De Roos et al., 2017; 
Tam et al., 2007). The same pathogen exposure level may not lead to illness in all individuals, based on 
immune function and susceptibility. Further, some degree of disease burden may be intractable and not 
amenable to intervention. 
Implications and Recommendations 
In accord with other research (Baum et al., 2016; Hrudey & Hrudey, 2007), this study offers 
evidence that the status quo in high-income countries carries some waterborne disease risk, and efforts 
to optimize risk management programs are warranted. WSPs can be applied to improve steady state 
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conditions and reduce outbreaks. Risk prevention may involve both “hard” technological solutions and 
“soft” management components, such as improved coordination or behavior change (Bartram et al., 2009; 
Loret et al., 2016). Risk management strategies include mitigation, transfer, avoidance, and acceptance. 
While some hazards (e.g., weather) cannot be altered, treatment approaches can be refined to address 
known risks. Many water suppliers have committed to preventive management to minimize risks (WHO & 
IWA, 2017). Since early 2018, the revised European Union (EU) Drinking Water Directive requires 
proactive risk management at all EU drinking water utilities (European Parliament & Council, 2018). 
These scale-up efforts may benefit from evidence around best practices. 
While risk management programs have the potential to produce benefits, implementation can 
vary widely in practice. Implementers of WSPs should be aware of potential pitfalls, such as “tokenism,” 
poor fidelity, or poor long-term adherence to the WSP program (Rondi, Sorlini, & Collivignarelli, 2015; 
Summerill, Pollard, & Smith, 2010). A culture of iterative quality improvement and learning from “near 
misses” can support ongoing WSP performance (Bereskie, Rodriguez, & Sadiq, 2017; Takala & Heino, 
2017). Periodic monitoring and evaluation should be built into programs to ensure public health and other 
goals are being achieved. Attention to measuring implementation outcomes as well as direct outcomes of 
the intervention may be warranted (Gelting et al., 2012; E. K. Proctor et al., 2011). Improved awareness 
of common pathogens and water supply contamination routes can benefit development and 
redevelopment of site-appropriate critical controls.  
Owing to connections between waterborne disease risk and climate patterns, risk management 
approaches should consider potential hazards posed by climate change (Bartram, West, & Howard, 2017; 
Beaudeau, Mathilde, Mouly, Galey, & Thomas, 2011; Chhetri et al., 2017; Howard, Calow, Macdonald, & 
Bartram, 2016; Levy et al., 2016). Of the three locations studied, location 5 is subject to the greatest 
projected climate change and social sensitivity to climate change, for example due to flash floods and 
urban heat island effects (European Commission & European Environment Agency, n.d.). Significant 
relationships between weather patterns and acute gastroenteritis were observed at all locations (Table 
13). Coupled with case observation of increased immigration to cities (affecting socioeconomic status), 
more intensive development (affecting nonpoint source pollution), and water scarcity, results suggest 
waterborne disease risks may require more attention in the future.  
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This study design was selected to improve on a previous observational study (Setty et al., 2017) 
and achieve parallels to a case-control study (Hunter et al., 2003; Lu & Zeger, 2007). While a number of 
suspected influences were accounted for, future models could seek to address missing components of 
the causal chain between drinking water exposure and health outcomes. For example, daily microbial 
indicator measurement in raw water might help to identify changes in upstream pathogen loading from the 
watershed, wastewater discharge, or sediment resuspension. Capturing geospatial relationships between 
distributed water quality and disease reporting locations is another potential mechanism for model 
improvement. Wider availability of pathogen-specific disease data could benefit future research (Levy et 
al., 2016). Future studies involving weather might also incorporate relative humidity, which may be a 
predictor of survival for some pathogens and exposure pathways (Fisman et al., 2005; Lowen & Steel, 
2014).  
Longer-term impacts of WSP implementation, such as water quality and health improvements, 
may be observed later than changes in inputs, activities, and outcomes (Gelting et al., 2012). Clarification 
of “leading” versus “lagging” indicators more broadly (Proctor et al., 2011) would benefit future study, 
especially by clarifying the minimum time needed for observing improved health outcomes after WSP 
certification. Lengthier post-implementation monitoring periods (e.g., more than two years) might increase 
statistical power for evaluation studies, but could reduce speed in working through iterative improvement 
cycles (Bereskie et al., 2017; Gunnarsdottir, Gardarsson, & Bartram, 2012). Establishing linkages 
between or among inputs, activities/outputs, outcomes, and impacts in the WSP evaluation framework 
(Gelting et al., 2012), such as determinants of operational changes and health improvements, would also 
provide valuable insight into effective implementation strategies (Powell et al., 2017).  
Conclusions 
This study further clarified the mechanisms by which proactive drinking water management 
interventions (such as WSPs) can influence public health outcomes. It quantified relationships between 
drinking water exposure parameters and acute gastroenteritis outcomes at three locations in France and 
Spain. Findings add to the knowledge base for refining individual utility practices and regional WSP 
implementation strategies. Weather patterns, particularly dry periods followed by heavy rain, were 
significantly associated with acute gastroenteritis rates for the location supplied by surface water. The 
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treatment approach used since 2010 may have sufficiently mitigated this risk to explain the previously 
observed health improvement. For the groundwater location, increased acute gastroenteritis rates 
corresponded to daily peaks in the turbidity of finished water. WSP controls on chlorine levels appeared 
to alter the turbidity-risk relationship, although this did not correspond to public health improvement.  
Site-specific time series models may be applied to assist risk management planning across a 
range of public health surveillance data types. Despite aggregated monthly health data, the location using 
both surface and groundwater demonstrated a significant harmful association with higher average 
turbidity, finished water flow rates, and precipitation, as well as a protective association with free chlorine 
measured at the plant outlet. These associations offer insight to help refine water supply management 
(e.g., groundwater versus surface water use) and WSP controls (e.g., for spikes in turbidity) at the 
Spanish location. While average turbidity decreased in a previous study, intermittent peaks may have 
been more closely related to the observed health outcomes. Continued observation and investigation of 
synergies is recommended to inform iterative improvement of the WSPs and eventual achievement of 
public health benefits. Differences among the three locations examined make the findings context-
specific, although the insights gained may benefit management of other chlorinated drinking water 
treatment systems in high income countries.  
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CHAPTER 4: ASSESSING OPERATIONAL PERFORMANCE BENEFITS OF A WATER SAFETY 
PLAN IMPLEMENTED IN SOUTHWESTERN FRANCE7 
Introduction 
Water Safety Plans (WSPs) are a drinking water risk management approach recommended by 
the World Health Organization (WHO) since 2004 (WHO, 2004). WSPs have been applied in more than 
90 countries, and are legally required in many (WHO & IWA, 2017). They function by engaging a team of 
utility managers and operators in an iterative cycle of risk assessment, establishing controls to manage 
risks, and verifying whether the approach works or needs revision. In contrast to reactive approaches 
such as finished water quality monitoring and regulatory reporting, water purveyors who use WSPs seek 
to comprehensively improve preventive maintenance procedures and critical process steps. WSPs are 
complex (and often multifaceted) public health interventions that may involve “soft” discrete interventions, 
such as staff coordination or documentation of procedures, and/or “hard” interventions such as 
infrastructure upgrades.  
Existing WSP evaluation frameworks and performance indicators follow a logic model broadly 
spanning inputs (e.g., funding and time commitment), activities/outputs (e.g., number of team meetings), 
outcomes (e.g., operational efficiency or cost savings), and impacts (e.g., water quality or health 
improvements) (Gelting et al., 2012). Theoretically, the early-stage categories, inputs and activities, show 
measurable change more quickly than more distal outcomes and impacts such as public health and 
socioeconomic changes (Gelting et al., 2012), although further evaluation is needed to describe causal 
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mechanisms and timing of such changes. Recommended outcome indicators span four categories: 
institutional, operational, financial, and policy (Lockhart et al., 2014). WSP evaluation models would 
benefit from clarification of the relationships among different evaluation indicators and the mechanisms by 
which determinants (barriers or facilitators) affect outcomes and impacts (Setty, Enault, et al., 2018; 
Vieira, 2011). Further, many jurisdictions lack standardized guidance on recommended WSP 
performance indicators, which would enable wide-scale comparison (Jetoo, Grover, & Krantzberg, 2015). 
A number of WSP outcomes have been evaluated in the literature, with the greatest weight of 
evidence supporting operational, financial, and public health benefits (Gunnarsdottir, Gardarsson, Elliott, 
et al., 2012; Kot et al., 2015; Kumpel et al., 2016; Loret et al., 2016; Setty et al., 2017; String & Lantagne, 
2016). A WHO-sponsored evaluation of water systems employing WSPs in the Asia-Pacific region 
showed significant changes in: operations and maintenance practices (e.g., adoption of standard 
operating procedures or compliance monitoring plans), the number of water safety-related meetings, 
water quality testing, consumer satisfaction monitoring, and complaint recording (Kumpel et al., 2016). 
Common benefits reported by utility managers in a five-country study of WSP implementation at 20 water 
systems included better hazard control (especially awareness of previously overlooked hazards), as well 
as improved treatment practices, record keeping, and client and health agency confidence (Loret et al., 
2016). A study of WSPs evaluated across five different water systems in France and Spain showed fairly 
consistent improvements in compliance with internal and external water quality benchmarks (Setty, 
Enault, et al., 2018). Further, changes in health status were detected at multiple WSP implementation 
sites (Gunnarsdottir, Gardarsson, Elliott, et al., 2012; Setty et al., 2017), addressing the ultimate goal of 
public health protection and improvement. Other WSP progress evaluation indicators have likely been 
applied by individual utilities in practice, but not yet documented in the literature. The WHO has yet to 
provide specific guidance on indicators for assessing WSP performance, but will likely do so in the future 
as increasing evidence becomes available.  
Monitoring and evaluation of WSPs can be enhanced by tracking frequently overlooked 
qualitative shifts in organizational culture (e.g., record keeping) alongside more commonly required 
quantitative measures, such as water quality (Kumpel et al., 2016). In addition to demonstrating tangible 
improvements attributable to WSPs, these measures may also aid ongoing quality control efforts (e.g., 
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toward achieving performance goals). Tracking the same indicators consistently over time and over 
multiple water systems can also enable large-scale comparisons (e.g., meta-analyses) and help to clarify 
the time frame needed to both achieve and observe results. 
In this study, we investigated the potential value of several operational performance indicators 
used for a WSP at a drinking water utility in southwestern France, seeking to validate and supplement 
outcomes reported in the literature. We collected about six years (2012-2017) of operational performance 
data and used both qualitative and quantitative analysis to describe trends. The goal of the study was to 




One location in southwestern France was selected based on availability of operational 
performance data following earlier nested studies at all WSP implementation locations operated by Suez, 
which described costs, benefits, water quality, compliance, and health (Loret et al., 2016; Setty et al., 
2017; Setty, Enault, et al., 2018). The metropolitan drinking water system serves about 740,000 people 
across 23 towns, drawing from a combination of deep protected groundwater and shallow groundwater 
under the influence of surface water. The area-wide system includes 102 groundwater extraction points, 
140 drinking water treatment facilities, 50 treated water storage tanks, and approximately 3,200 km of 
distribution pipes. The treatment process typically consists of media filtration (sand and granular activated 
carbon filtration systems), clarification, and ultraviolet (UV) or chlorine disinfection. Parts of the 
underground collection, storage, and distribution infrastructure have been in place since 1850. The 
utility’s WSP team began meeting November 13, 2012, and the full system received an ISO 22000 
certification for drinking water safety management on December 20, 2013.   
Within the full service area of 140 treatment facilities addressed by the WSP team, one treatment 
facility that serves about 44,000 people (about 6% of the total service population) was chosen to model 
WSP alarm response dynamics and water quality related customer complaints. The predominately 
automated treatment process at this facility consists of pre-oxidation/pre-chlorination with chlorine gas 
(chlorine dioxide prior to 2012), granular activated carbon (GAC) filtration, UV disinfection, and chlorine 
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disinfection. Ongoing status information (e.g., turbidity, water temperature, UV intensity, free chlorine 
levels, flow rate) is monitored using automated sensors and wirelessly transmitted to a central control 
station with 24-hour staffing. Operators, who have undergone training with the central WSP team, 
conduct maintenance onsite at least once a week, including manual verification measurements.  
During the WSP implementation process, critical and operational controls were developed 
primarily to maintain a consistent range of free chlorine levels upon treatment and throughout the 
distribution network. The production control seeks to continually maintain free chlorine residuals above 
0.05 mg/L in produced (finished) water. Levels are monitored at five-minute intervals using online 
sensors. In the distribution system, the operational limit (general operational goal) is to maintain free 
chlorine levels below 0.2 mg/L, but not to reduce them as low as 0 mg/L for more than 24 hours. The 
critical limit, at which an alarm is triggered, is a free chlorine level greater than 0.3 mg/L, or as low as 0 
mg/L for more than 48 hours. An alarm in either production or distribution may lead to additional 
monitoring checks both at the location of detection and in other affected parts of the network. This might 
involve sensor verification, manual chlorine testing, and, if needed, isolation of affected water batches. 
Data Collection and Analysis 
Data was collected using multiple methods. Results from a standard questionnaire about reported 
costs, benefits, challenges, and facilitators associated with the WSP was obtained from a previous study 
that reported amalgamated results across 20 implementation sites, but did not report findings from each 
site individually (Loret et al., 2016). Notes assessing overall WSP experience were obtained from a 
nested study further evaluating five of the implementation sites, which included a written questionnaire, 
in-person site visit, and semi-structured focus group discussion regarding water quality, compliance, and 
health outcomes (Setty et al., 2017). Interaction with human subjects (WSP team personnel) was 
approved by the Institutional Review Board (IRB) at the University of North Carolina at Chapel Hill (study 
#15-2118). Written details related specifically to operational performance, critical controls, or employee 
practices were extracted from these sources, and in some cases, translated to English.  
Monthly data comprising performance indicators tracked across six categories since onset of the 
WSP in 2012 were shared by the WSP team lead (categories 1-3 described in Table 15), along with logs 
of alarms and water quality–specific customer complaints. Complementary indicator categories not shown 
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in Table 15 due to privacy concerns aim to (4) ensure communication about the importance of health risk 
and good business practices to all stakeholders, (5) monitor the quality and the efficiency of work, and (6) 
check control measures on water treatment plants as well as distribution networks. Progress toward these 
objectives is regularly reviewed and the indicators are occasionally revised by the WSP team and utility 
managers. In addition, raw data from free chlorine water quality sensors at the outlet of one treatment 
facility were provided by the utility to model low-chlorine event dynamics.  
Table 15. Partial list of performance indicators tracked by the utility across the full water system since the 
2012 onset of the WSP   
 Data Availability by Year2 
Objectives1 2012 2013 2014 2015 2016 2017 
1. Monitor potential pollution sources 
1.1 Progress rate toward completed public utility 
declarations (DUPs) 
Y Y Y Y Y N/A3 
1.2.1 Progress rate of vulnerability studies of sites Y Y N4 N4 N4 N4 
1.2.2 Progress of research studies on the presence 
of emerging pollutants 
Y Y Y Y Y Y 
1.3.1 Regulatory compliance rate for source water Y Y Y Y Y Y 
1.3.2 Self-monitored compliance rate for source 
water 
Y Y Y Y Y Y 
2. Monitor drinking water quality at production and storage facilities 24/7 
2.1 Regulatory compliance rate at facility outlet Y Y Y Y Y Y 
2.2 Self-monitored compliance rate at facility 
outlet 
Y Y Y Y Y Y 
2.3 Number of low residual chlorine alarms (<0.05 
mg/L) at the facility 
N5 Y Y Y Y Y 
2.4 Rate of completion of actions following health 
audits 
Y Y Y Y Y Y 
3. Monitor drinking water quality in the distribution network 24/7 
3.1 Regulatory compliance rate for distribution 
network 
Y Y Y Y Y Y 
3.2 Self-monitored compliance rate for 
distribution network 
Y Y Y Y Y Y 
3.3 Number of low residual chlorine alarms from 
quality sensors 
N5 N5 Y Y Y Y 
3.4 Availability of readings from quality sensors 
(%) 
Y Y Y Y Y Y 
3.5 Number of water quality complaints  Y Y Y Y Y Y 
1Objectives 3.6 through 6.3 not shown to maintain privacy of internal practices 
2Y=yes, N=no, N/A=not available; translated from French documentation 
3Information not yet published 
4All mandatory vulnerability studies carried out prior to 2014 
5Alarms defined in 2013 
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Data on performance indicators that were consistently recorded either monthly or annually over 
several years (Table 15) were plotted in Excel for visualization of trends. Statistical data analysis was 
conducted using SAS 9.4 software where possible, given sufficient observations and variability in the 
data. Before-after comparisons used a t-test (α=0.05). Trends over time in monthly count data were 
assessed using the GENMOD multiple regression procedure with a Poisson distribution and natural log 
link function. To control for seasonal variation, we introduced month as an independent categorical (class) 
variable in the models.  
Free chlorine sensor readings at the single production facility were recorded by the utility at a 
frequency of approximately five minutes from 2010 to 2017. The data were divided into three periods 
“before” WSP team formation, “during” WSP implementation, and “after” WSP certification; for this 
analysis, the “during” time period from November 13, 2012 to December 20, 2013 was discarded as a 
period of transition. Water quality values below the lower detection limit (< 0.01 mg/L) were set to zero. 
Free chlorine data likely affected by temporary plant shutdowns or sensor failures were excluded, 
although consistent historical records were not available to accurately document these events. Because 
the data were not flagged at the time of recording, the data cleaning approach was not expected to 
accurately discern true and false events in all cases, but allowed us to simulate actual events by applying 
a standard procedure for both the before and after datasets. Suspected shutdowns or sensor 
malfunctions were flagged by identifying events where free chlorine values equal to 0 mg/L (the WSP 
critical limit) were recorded for more than 24 hours, and then validating evidence of an external issue with 
the plant manager. This data cleaning procedure erred on the side of including data not definitively known 
to be problematic. 
To integrate the mixed methods of data collection and interpretation, this study took an 
exploratory sequential (qual  QUAN) approach (Morse, 2003). That is, the initial results of the 
qualitative techniques informed processing of quantitative data to validate reported dynamics. Qualitative 
results were compiled for a single location, which was not previously disaggregated and analyzed 
independently in other studies (Loret et al., 2016; Setty et al., 2017; Setty, Enault, et al., 2018). The data 
integration process focused on building and merging, seeking complementarity of measures (Fetters, 
Curry, & Creswell, 2013). The results were reviewed and validated via participatory “member checks” by 
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three management-level personnel at the water utility studied, permitting refinements to both the 
quantitative and qualitative data interpretation.  
Results 
Qualitative reports from the utility provided guidance and supplemental information to assist the 
investigation of WSP operational performance changes. Based on unpublished questionnaire results 
collected by Loret et al. (2016), operational benefits specific to the location under study included: 
 Better control of production and distribution processes (due to critical control point alarms); 
 Improved management responsiveness when alarms identified as critical; 
 Process optimization/infrastructure improvement (e.g., for the isolation of water "batches"); 
 Improved production/distribution management procedures (e.g., enhanced crisis management); 
 Better application of procedures and good practices; 
 Better knowledge, understanding, and involvement of staff;  
 Better data recording and traceability of events; and 
 Better handling of consumer complaints. 
Analysis of qualitative reports from site visit and focus group discussion notes offered improved 
understanding of the effect of the WSP on management of the treatment facilities. Indicators 
recommended by utility managers to evaluate WSP performance included: progress toward the action 
plan, the number of significant hazards being managed, exceedances of critical control point limits, rate of 
inspections and site monitoring, and reactivity to critical alarms. The WSP mainly sought to balance 
chlorine levels within a desirable range. Managers felt values above the distribution system upper limits 
might add to concerns about disinfection byproducts and their relationship to cancer risk (Corso et al., 
2017). Local residents also sometimes complained about chlorine odor and taste. From the utility 
managers’ perspective, maintaining lower limits for chlorination was important to avoid microbial regrowth 
in the distribution system, rather than to benefit water treatment, as the groundwater source is high quality 
and partially protected (a mix of deep and shallow aquifers). Managers reported that when low-chlorine 
alarms sound, staff would follow documented procedures to detect any problems, and production would 
be stopped if the problem could not be corrected. Managers stated that, since most processes are 
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automated and monitored at a central control station, it would normally take about half an hour to visually 
check the problem.  
To confirm the self-reported benefits and process improvements, quantitative data that potentially 
captured these changes was analyzed. Since the primary WSP critical control is for free chlorine, the 
frequency and duration of low-chlorine events at a single production facility were examined using both 
water quality datasets and alarm logs. The free chlorine readings at the plant outlet were considered out 
of compliance when below 0.05 mg/L. The data cleaning procedure identified 12 events tied to verified 
plant shutdowns or sensor failures for removal, resulting in 3% missing data. After cleaning, the number 
of individual sensor readings was 295,664 in the before period (before November 13, 2012), and 418,027 
in the after period (since December 20, 2013). Statistical analysis comparing the two time periods 
demonstrated a reduction in the number of low-chlorine events, maximum duration, and average duration, 
from 1,006 events lasting 51 minutes on average before the WSP to 179 events lasting 36.4 minutes on 
average after WSP implementation (p=0.022; Table 16). Chlorine concentrations during the low-chlorine 
events showed a small but statistically significant increase from 0.023 mg/L to 0.026 mg/L (p=0.047; 
Table 16).   
Table 16. Readings out of compliance, low-chlorine events, average free chlorine concentration, and event 




Total readings 295,664 418,027 
Non-compliant readings 10,153 1,300 
% Non-compliance 3.43% 0.31% 
Non-compliance events 1,006 179 
Average concentration (mg/l) 0.023 0.026 
T-test for ave. concentration 1.99 (p=0.047) (df=1,157) 
Minimum duration (min.) 5 5 
Maximum duration (hours) 22.3 12.1 
Median duration (min.) 50 5 
Average duration (min.) 50.6 36.4 
T-test for average duration -2.30 (p=0.022) (df = 1,183) 
1After data cleaning and not considering the “during” time period from team formation to certification 
After implementation of the WSP, staff members began tracking several additional performance 
indicators across the full service area (Table 15), which is a common effect of WSP programs (Kumpel et 
al., 2016). Beyond the chlorine control, other goals of the WSP included monitoring drinking water quality 
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at production, in storage tanks, and in the distribution network around the clock (Table 15). While all 
performance measures were considered for analysis, many showed discontinuity or little variation. Those 
that were continuously tracked were assessed graphically and/or statistically. Indicators showing the most 
change over time included completion of public utility declarations (objective 1.1), production alarms for 
low chlorine (objective 2.3), distribution alarms for low chlorine (objective 3.3), rate of sensor availability 
(objective 3.4), and customer complaints for the full service area (objective 3.5) as well as the single 
facility’s service area (Table 15).  
The number of chlorine-related alarms in the production (objective 2.3) and distribution systems 
(objective 3.3) was tracked, and alarm logs were analyzed for long-term trends. For production, this data 
tracking method (including 264 alarms across all facilities) was less inclusive and showed fewer events 
than the high-resolution water quality data from one facility (Table 16). Including all production facilities, 
Poisson regression with a natural log link function controlling for seasonality showed a significant 
decrease in the number of alarms over time (β=-0.026; p<0.001), with the data levelling out at fewer than 
five alarms per month (Figure 9). In both production and distribution systems, very few of the alarms that 
occurred were ultimately verified, since most were due to sensor malfunction. Too few distribution system 
alarms occurred to enable modeling. Still, records suggested these alarms facilitated beneficial checks 
and corrections when needed. 
 
Figure 9. Record of low-chlorine alarms at all production facilities (objective 2.3) from the onset of the WSP 







































































































































Customer complaints for water quality reasons (objective 3.5) revealed an improvement in 
recording from the onset of WSP implementation in 2013. Prior values from 2012 or earlier were not 
recorded consistently and thus were excluded from the statistical analysis. Water quality–specific 
customer complaints in the full service area (e.g., reddish water, chlorine taste, and turbidity) decreased 
significantly over time (β=-0.0071, p<0.0001), a change of about 10% fewer complaints per year on 
average (Figure 10). The data suggested complaints typically peaked early in the year with a smaller 
spike in autumn, and within-year variability appeared to narrow over time (Figure 10). Water quality-
specific complaints were also assessed for the single facility alone. Peaks in complaints were visible 
during the early part of each year (late winter to early spring) (Figure 11). When modelled using Poisson 
regression with a natural log link function, and controlling for seasonality, complaints decreased 
significantly over time (β=-0.0089, p=0.0008). Most of the decline took place in the first year, during the 
initial WSP implementation period (2013).  
 
Figure 10. Monthly customer complaints for water quality reasons recorded in the full service area (objective 






















































































































































































Figure 11. Monthly water-quality specific customer complaints for a single facility recorded from the onset of 
WSP implementation in 2013, including linear trend line 
Recorded rates of real-time water quality monitoring sensor availability (objective 3.4) reported by 
the utility (Figure 12) show inter-annual differences, suggesting a marked improvement upon WSP 
implementation. The apparent slippage in 2016 was likely due to a change in the assessment method to 
enable improved interpretation, after which the rate improved again in 2017. Prior to 2016, raw monthly 
data counting the number of continuously working sensors were used, and subsequently the daily data 
were processed to remove inaccuracies due to periods of maintenance or expected offline activities, to 
more accurately measure availability. Reported rates of public utility declaration completion (objective 1.1) 
were fairly consistent over time (Figure 13), suggesting stability or subtle improvement since 2010. This 
formal documentation serves to confirm the public benefit of a project under French law, and is externally 
































































































































































Figure 12. Comparison of the rate of real-time water quality monitoring sensor availability (objective 3.4) 
reported each year before, during, and after WSP implementation 
 
Figure 13. Comparison of the rate of completion of public utility declarations (objective 1.1) each year before, 
during, and after WSP implementation (2017 data not yet available) 
Discussion 
Operational improvements stemming from WSPs and reported in the literature have included 
changes to organizational structure or daily procedures, better risk awareness among water operators, 
improved water management efficiency, and improved compliance with regulations (Kot et al., 2015). 
Common benefits reported by Suez utility managers across 20 locations included better hazard control 




















































































keeping (Loret et al., 2016). Some of these reported benefits were confirmed by later research, for 
example significantly improved compliance with regulatory and internal water quality limits at four of five 
locations examined (Setty et al., 2017). In agreement with the literature, this study focusing on one 
location demonstrated a reduction in the number of production alarms, shorter non-compliance event 
duration, fewer customer complaints about water quality, and an improvement in the rate of sensor 
availability tied to the critical controls prioritized by the WSP. Operational improvements are likely some of 
the first observable outcomes of WSPs (Gelting et al., 2012; Kumpel et al., 2016), and tracking these 
early successes may be helpful in reinforcing continual effort toward the WSP. 
Improved customer satisfaction may or may not affect revenues, but is vital to a utility’s reputation 
and community standing, especially for private companies (Doria França De, 2010; Hrudey, Hrudey, & 
Pollard, 2006). Improved client and health agency confidence was previously reported by utility managers 
at 70% of Suez’ WSP implementation sites (Loret et al., 2016), whereas the site examined in this study 
noted changes in handling of complaints but did not necessarily perceive greater public confidence. 
Triangulation with other data types was useful in refining and validating self-reported qualitative 
outcomes. For example, quantitative analysis in this single-site study documented a statistically 
significant multi-year decrease in customer complaints for water quality reasons (Figure 11), supporting a 
potential improvement from the consumers’ perspective. It might be valuable to ensure through validation 
techniques (e.g., third-party customer surveys) that customer or employee complaints do not decline due 
to perceived inability to communicate with the utility or achieve change (Lockhart et al., 2014). 
WSPs can potentially permeate all aspects of organizational behavior, including a culture shift 
toward an improved customer service mentality (Summerill, Pollard, et al., 2010). Omar et al. (2017) 
showed that incentives used as part of a WSP in Uganda directly linked a renewed management 
emphasis on customer service to staff rewards, including delegation of responsibilities, financial bonuses, 
and recognition for meeting goals. Gunnarsdóttir et al. noted that recognition of good staff performance 
may be a “bonus” outcome of WSP implementation (Gunnarsdottir, Gardarsson, & Bartram, 2012). When 
staff felt more in control of the situation, they were less concerned that something might go wrong, 
making their jobs less stressful. Reduced stress among utility managers after WSP implementation was 
similarly noted in the five-country study by Loret et al. (2016). However, an improved performance culture 
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may not be a ubiquitous outcome across settings, as WSPs in India and Jamaica suffered from staff 
perceptions that high standards were unrealistic for low-income countries (Omar et al., 2017). The area-
wide reduction in customer complaints demonstrated in our study may have stemmed in part from the 
onset of data recording, which could have increased visibility of performance tracking among staff. 
While customer satisfaction represents a key indicator of the proactive organizational culture 
desired under WSPs, customer concerns (e.g., taste, odor, color) may not directly reflect public health 
protection. Further, they may sometimes mislead consumers to use alternative sources that are less safe 
(Omar et al., 2017). For this reason, public health outcomes should be evaluated (Setty et al., 2017) in 
tandem with performance indicators such as customer satisfaction. This is especially important where 
multiple stakeholder goals may exist (e.g., reducing chlorine taste and odor versus maintaining control of 
potential microbial contaminants) (Summerill, Smith, Webster, & Pollard, 2010). The operational 
performance and water quality compliance improvements observed in this study did not correspond to a 
reduced risk of acute gastroenteritis in the service area (Setty et al., 2017). although the changes may 
have altered risks posed by turbidity levels (Setty, Enault, et al., 2018). Cyclical monitoring and evaluation 
(Bereskie et al., 2017) in concert with external experts such as public health agencies can help ensure 
that well-intended efforts do not have unintended consequences, and assist iterative improvement of the 
WSP.  
Lockhart et al. (2014) provided a taxonomy of WSP performance indicators across outcome 
categories and recommended “implementation of improved procedures” as one evaluation category 
under operational outcomes for WSPs. This includes changes in customer complaints over time and 
frequency of key operations, such as inspections. Collecting documentation of streamlined procedures 
was also recommended (Lockhart et al., 2014), although this may or may not indicate how well or how 
frequently the planned procedures were later carried out. We overcame this challenge by matching self-
reported qualitative performance improvements with quantitative water quality and performance records. 
The improved reaction time reported by utility managers implementing WSPs (Loret et al., 2016) led to 
quantification of time needed to return to a state of compliance with critical controls, a central component 
of WSPs and other risk management programs.  
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Limitations and Recommendations 
This study collated operational performance data sources that were not previously assessed 
independently or reported. Most of the performance indicators were collected beginning in 2012, so 
earlier records are lacking to make longer-term comparisons. Background rates of change for a larger 
service area or a different component of the water system (where no WSP was active) would be valuable 
for isolating causal relationships among observed changes. Some indicators were initiated or dropped 
during the study period (Table 15), making it difficult to assess trends. While the indicators assessed here 
were consistently quantified and varied enough to enable some degree of trend analysis, they were 
largely self-reported historical data that could be affected by reporting bias or social desirability bias. 
Other means of data collection might include in-depth ethnographic observation or employee or customer 
surveys, independent of the management team. The customer service culture, for example, could be 
independently validated through third-party qualitative analysis of recorded calls or call logs.  
Further, records from automated water quality sensors likely included some false readings due to 
sensor drift, failure, or continued recording during plant shutdowns. This posed a challenge to the 
statistical analysis in determining which types of events to censor, as no strict rule could be definitively 
applied to all cases. Since automated monitoring approaches may become the standard in the future, it 
would benefit prospective studies for such data logs to be reviewed and flagged within days of recording. 
In this study, most data was tracked independently by the utility on a daily or monthly basis and 
aggregated annually to enable multi-year comparison using an Excel spreadsheet. The WHO offers an 
Excel quality assurance tool to document steps taken to complete WSPs, which could potentially be 
upgraded to incorporate recommended or site-specific evaluation criteria, as well as comparison with 
historical data from the same location or aggregated data from other locations. More sophisticated 
software programs might require site-specific development for a given WSP context and would likely need 
to be custom-built at the utility’s expense. 
This study demonstrated the need to apply multiple performance measures in combination, since 
multiple goals may need to be optimized to achieve satisfactory use of the WSP. For instance, 
achievement of a high degree of personnel involvement may need to be balanced with financial goals 
seeking to limit expenditures (Loret et al., 2016). Utility managers may also be expected to optimize 
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multiple public health goals at the same time, such as short-term acute gastroenteritis risk and long-term 
bladder cancer risk (Corso et al., 2017; Setty et al., 2017). Establishing some consistency in WSP 
indicators across implementation sites would help to enable larger scale comparisons; however, some 
site-specific evaluation criteria may still be warranted. Just as complex public health interventions have 
core components as well as an “adaptable periphery” (Proctor et al., 2011), some evaluation criteria may 
be relevant to only a subset of implementation sites depending on the water source, water system, 
regulatory environment, and management approach. As knowledge of WSP performance and 
performance indicators grows, a recommended starting point (e.g., list of indicators) for tracking gains 
would help enable scale-up of progress analyses to the company-wide, national and/or international level 
(Kumpel et al., 2016, 2018; Lockhart et al., 2014; Loret et al., 2016; Vieira, 2011; WHO & IWA, 2017). 
Indicators should consider the resource level of the utility and be integrated into the WSP as monitoring 
and evaluation targets from the onset of development (Mudaliar, 2012). Quantitative measures should be 
supplemented by qualitative “ground-truthing” involving local utility staff, as direction change could be 
indicative of underlying improvements in data tracking (Kumpel et al., 2016) or changes to external 
policies. 
Conclusions 
This study validated WSP benefits reported in the literature, and demonstrated some potential 
indicators for consistent application to a broader array of implementation sites, potentially within or across 
utility groups at a regional-to-global scale. These included: the number of critical control alarms (including 
false alarms), alarm response time (time spent out of compliance with regulatory or internal performance 
thresholds), the rate of manual monitoring data or water quality sensor availability, the number of water 
quality–related customer complaints, and progress toward documentation. Initial improvement may be 
followed in some cases by slippage, and regular monitoring and evaluation cycles can help to ensure 
iterative improvement of the WSP. Developing greater consistency in the WSP evaluation indicators used 
across implementation sites can help to clarify synergies and facilitate larger-scale progress evaluations. 
Acknowledgements 
The authors appreciate the assistance of all Suez personnel who collected data used in this 
study, as well as Véronique Lahoussine of the Seine River Basin Agency (AESN) for her support of the 
85 
research. In accordance with Committee on Publication Ethics (COPE) requirements, we acknowledge 
that human subjects research was approved by the Institutional Review Board (IRB) at the University of 
North Carolina (UNC) Chapel Hill (study #15-2118). Statistical support was provided by the UNC Chapel 
Hill Odum Institute. 
Declaration of Conflicting Interests 
Co-authors Enault, Lapouge, and Loret are employees of Suez. Dr. Bartram has served on Suez 
committees as an unremunerated advisor. 
Funding 
This work was supported by Suez, the Seine River Basin Agency (AESN), the United States 
National Institute of Environmental Health Sciences (grant number T32ES007018), and the University of 




CHAPTER 5: COMPARATIVE EVALUATION OF RISK MANAGEMENT FRAMEWORKS FOR US 
SOURCE WATERS8 
Introduction 
Given growing concerns about environmental pollution and its effects on wildlife and human 
health, the US enacted a number of new environmental regulations in the 1970s, including the Federal 
Water Pollution Control Act Amendments of 1972. During this period, the 1974 Safe Drinking Water Act 
(SDWA) sought to protect the quality of drinking water from both surface (e.g., lakes, rivers) and 
groundwater sources (US EPA, 2017). While groundwater aquifers are sometimes protected by 
impermeable or filtering geologic materials, surface waters tend to receive both point source (e.g., 
wastewater discharge) and nonpoint source pollution from the upstream watershed (land area that drains 
into the waterbody). High profile spills, disease outbreaks, and drinking water contamination events in the 
US serve as reminders that multiple types of risk exist (Allaire et al., 2018; Pieper et al., 2017; 
Thomasson et al., 2017; MacKenzie et al., 1994). To address vulnerabilities, drinking water suppliers can 
take measures to prevent introduction of harmful contaminants, provide resilient services, and protect 
public health.  
The early roots of risk management for public health protection included sanitary inspection in the 
early 20th century (Wolman, 1921) and the Hazard Analysis and Critical Control Point (HACCP) approach 
developed in the late-1950s and 1960s to ensure food safety for space missions by the Pillsbury 
Company, US National Aeronautics and Space Administration (NASA), and US Army Laboratories. The 
HACCP approach, maintained by the US Food and Drug Administration (FDA), has since been widely 
                                                     
8This chapter previously appeared as an article in AWWA Water Science. The original citation is as 
follows:  
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adopted by the meat, poultry, seafood, dairy, juice, and food service industries. Proactive risk 
management approaches aimed at ensuring drinking water safety (by considering it a food product) were 
legislated in other nations, such as Iceland, starting in the mid-1990s (Gunnarsdottir, Gardarsson, & 
Bartram, 2012). From 1994 onward, the World Health Organization (WHO) developed tailored risk 
management guidance for all drinking water suppliers, called a Water Safety Plan (WSP), with global 
recommendation in the 2004 WHO Guidelines for Drinking-Water Quality and International Water 
Association (IWA) Bonn Charter for Safe Drinking Water (IWA, 2004; WHO, 2004).  
Drinking water risk management programs have since been implemented in more than 90 
countries, including Canada, Australia, and the UK (WHO & IWA, 2017). As of 2017, policies related to 
drinking water risk management were in place in at least 46 countries, while 23 countries had policies 
under development and others reported using them voluntarily (WHO & IWA, 2017). These programs 
seek to ensure process controls and supply-chain reliability from source water to the point of consumption 
(Bartram et al., 2009). They encourage tailoring the risk monitoring and management approaches to each 
individual water system, in addition to application of national water quality rules across all systems (Baum 
et al., 2015). In recent years, a number of positive outcomes have been associated with proactive 
drinking water risk management programs, from financial to operational to public health benefits 
(Gunnarsdottir, Gardarsson, Elliott, et al., 2012; Kot et al., 2015; Kumpel et al., 2018; Loret et al., 2016; 
Setty et al., 2017; Setty, O’Flaherty, et al., 2018; String & Lantagne, 2016).  
Risk management frameworks and tools used in the US food industry and by drinking water 
suppliers abroad could benefit drinking water utilities seeking to actively manage source water risks within 
the US (Spagnuolo & Cristiani, 2017; Baum et al., 2016; Havelaar, 1994). Still, drinking water risk 
management programs have seen limited application in a US context, which is strongly influenced by 
national regulatory mandates and professional association guidance (Amjad et al., 2016). Since the 
1970s, US water quality regulations have continued to rely heavily on reactive compliance monitoring for 
a nationally standardized list of priority contaminants (Institute of Medicine, 2004). Practical differences 
exist between US drinking water regulations and risk-based approaches regarding team procedures and 
training, internal risk assessment and prioritization, and management procedures and plans (Baum et al., 
2015). The 1996 amendments to the SDWA required states to develop source water assessment 
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programs to identify existing and potential contamination sources to drinking water supplies (US EPA, 
2018). While this emphasizes state-level oversight, effective risk management requires engagement at 
the utility level. Given a comprehensive list of potential hazards, utilities might lack the tools or resources 
to prioritize and actively manage risks in collaboration with stakeholders in the watershed. The 2018 
America’s Water Infrastructure Act (AWIA) includes provisions that create regulatory drivers for linking 
source water protection, vulnerability assessments, and emergency response planning. 
A previous Water Research Foundation (WRF) study to develop a preliminary framework for 
evaluating source water protection programs (4528) recommended evaluating the feasibility of modifying 
and adopting risk management techniques such as HACCP for source water protection (Sham et al., 
2015). To help bridge the gap between source water protection planning and active risk management, 
this WRF-sponsored project (4748) sought to develop a risk management framework for US source 
waters, included a comparative evaluation of potential frameworks. These methods go beyond risk 
identification to help utilities identify ongoing, active strategies useful for managing risks in real time. 
Ultimately, the project aims to supply pilot testers and framework developers with guidance on which risk 
management frameworks and tools might be appropriate for large US utilities sourcing water from mixed-
use watersheds with multiple hazards. Implementation science theory helped to assess strengths and 
limitations of available guidance frameworks, to determine which might thrive in a variety of US settings. 
The comparative evaluation characterized goodness-of-fit between several risk management programs 
and existing utility needs, to enable identification of the risk management program(s) most likely to 
perform well in pilot testing. Researchers considered both literature sources and unpublished knowledge 
based on the direct experience of international and domestic program users.  
Methods 
To comparatively evaluate source water risk management frameworks and tools appropriate for 
pilot testing in the US, the research team undertook a literature review coupled with external utility 
interviews and participating utility surveys. The review compared and integrated data within a multi-
indicator evaluation matrix to synthesize findings. Results of the external utility interviews were each 
included as a single reference in the matrix. The Consolidated Framework for Implementation Research 
(CFIR) and participating utility survey results helped to identify and refine the draft evaluation criteria for 
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comparing different program options, integrating researcher and participant input with existing 
implementation theory (Damschroder et al., 2009). Researchers shared preliminary results at an in-
person workshop to enable a participatory group decision-making exercise. This facilitated validation of 
the evaluation criteria and selection of appropriate source water risk management frameworks for 
eventual pilot testing.  
Four large US drinking water utilities seeking to move from risk identification to active risk 
management – namely Tampa Bay Water, Fairfax Water, Greater Cincinnati Water Works, and Suez 
Water Delaware – participated in the study. Each utility designated two representatives to respond to 
formal information requests, with involvement and assistance of other internal colleagues as necessary. 
At the outset of the project, all utilities provided a response to a written 52-question survey developed by 
the research team as a starting point for describing their water systems, offering input on the project and 
establishing a pre-pilot baseline for eventual comparison with a post-pilot evaluation of risk management 
program status. The UNC Office of Human Research Ethics (IRB #17-1995) reviewed the project 
methods, including the participating utility survey and external utility interview guide. WRF sponsored the 
project, coordinating review of interim products by an external Project Advisory Committee (PAC) from the 
US and Canada consisting of three members with diverse perspectives and expertise. 
To cast a wide net, no potential risk management frameworks were excluded. In total, nine 
frameworks written in English and either currently in use or with potential applicability to source waters 
were identified for comparison, alongside existing Safe Drinking Water Act (SDWA) guidance: 
 American National Standards Institute/American Water Works Association (ANSI/AWWA) G300-
14: Standard for Source Water Protection 
 ANSI/AWWA J100-10: Risk and Resilience Management of Water and Wastewater Systems 
 Food and Drug Administration (FDA): Hazard Analysis and Critical Control Point (HACCP) 
 World Health Organization (WHO): Water Safety Plan (WSP) 
 International Organization for Standardization: Food Safety Management Systems (ISO 22000) 
 International Organization for Standardization: Risk Management (ISO 31000:2018) 
 Australian Standard/New Zealand Standard (AS/NZS 4360:2004 and ISO 31000:2009) 
 Australian Drinking Water Guidelines (ADWG) 
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 European Commission: Techneau Framework and Methods for Integrated Risk Management in 
Water Safety Plans 
Literature Review 
To review the applicable literature on risk management frameworks and tools used in high-
income countries, researchers gathered (1) risk management framework guidance documents, (2) 
literature identified via systematic searches of several large databases, and (3) relevant papers submitted 
by the research team. This included guidance documents, research studies, critical reviews, and case 
study reports, traversing both peer-reviewed and gray literature. Google Scholar, Web of Science, 
Scopus, and Articles Plus databases were searched. Boolean operators were used, with search terms 
including “source, watershed, catchment, drinking, surface, water, utility, risk, safety, plan, prevention, 
and/or management.” Searches began as narrowly defined and dropped or added terms if too few or too 
many results were returned, respectively. Generally, the first 50 results were screened by title and 
abstract. The WHO/IWA Water Safety Portal and US EPA website were also browsed by the topic or 
geography of interest. Literature inclusion and exclusion criteria appear in Table 17. Full-text documents 
from the first round of selected literature were then reviewed and dropped if tangential or narrowly 
applicable (Figure 14; full citations for included literature appear in Appendix C). 
Table 17. Inclusion and exclusion criteria for source water risk management literature review 
Inclusion criteria Exclusion criteria 
 Dated 1986 or later (based on date of first 
SDWA amendment) 
 Relevance to source water 
 Relevance to high-income nations 
 Inclusion of risk management measures 
(not just risk identification) 
 Written in English 
 Single-contaminant studies  
 Focus on groundwater rather than surface 
water 




Figure 14. Diagram illustrating literature review sources 
External Utility Interviews 
To supplement the literature, individual interviews were conducted with utility representatives 
external to the group of participating utilities. The interview guide (provided in Appendix D) covered a 
general description of the water system; development of the risk management plan, program, or 
framework; risk identification; risk analysis and evaluation; risk management; and implementation 
experience. The goal was to interview one practitioner per framework to obtain supplementary information 
about application in practice. The research team identified approximately 32 potential candidates through 
networking and interpersonal outreach, of whom seven ultimately participated in an interview or provided 
a response to interview questions regarding their utility’s experience. Five represented foreign utilities in 
high-income countries (Australia, Spain, England, and the Netherlands), and two came from the United 
States (West Virginia and California), covering six of the evaluated source water risk management 
frameworks.  
Evaluation Criteria 
The research team drafted evaluation criteria considering the needs expressed during the project 
proposal stage, organized them into five categories, and revised them based on PAC feedback. Next, the 
criteria were matched with implementation theory regarding “intervention characteristics” (Damschroder et 
al., 2009). This required some language adaptation around level (e.g., practitioner, organization) as CFIR 
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construct definitions more commonly apply to clinical healthcare settings. Lastly, criteria were revised and 
weighted using participating utility survey responses about relative importance of risk management 
framework characteristics, assessed both qualitatively and on a Likert scale. Quantitative rankings were 
used to assign weights (equal to 1, 1.25, or 1.5) to the highest-priority criteria. Input from the participating 
utility representatives supported initial weighting, and weights were reassessed following a ranking 
exercise at the in-person workshop that included both utility representatives and project advisors.  
Data Synthesis 
An evaluation matrix spreadsheet (available on request) was developed by listing sources 
(including both literature and interview notes) vertically and evaluation criteria horizontally. To populate 
the matrix, researchers extracted qualitative information (e.g., quotes, passages, summaries, or 
presence/absence determinations) upon reviewing the full-text documents and comparing each source to 
each evaluation criterion. Cells were tagged using categorical values (yes = 2, maybe = 1, no/not 
applicable = 0) depending on whether the framework or guidance satisfied or addressed the criterion. 
This scoring enabled a quantitative sum for relative ranking among the ten frameworks evaluated. It 
produced the total number of criteria addressed (with a “yes” answer) for each framework. In addition, 
weighting was applied to the highest priority criteria to produce a summative score for each framework 
considering all criteria, including “maybe” answers.  
The quantitative summary considered framework guidance materials and external interviews, but 
not the additional scientific and gray literature. These supplemental sources often focused on narrower 
aspects of program evaluation, addressed fewer criteria, and were likely less accessible to a hypothetical 
program user. In the case of a tie between two sources, the higher category score was assigned to the 
framework. If more than two sources were available, the most prevalent category score was assigned. 
The additional literature was instead used to develop topic-specific insight and to create a list of tools 
(provided as supplemental material) for addressing specific risk management steps or hazard types. Risk 
management steps for which specific guidance was available included documentation, rating categories, 
risk ranking, online water quality monitoring, and validation. Specific risk categories addressed by the 
literature included climate, supply and demand, main leaks, land use, pathogens, disinfection, fecal 
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indicators, nonpoint sources (e.g., nutrients, sediment), soil erosion, agriculture, emerging contaminants, 
and pesticides and herbicides.  
Preliminary summary results were shared with 14 participants at a decision-making workshop 
held May 3, 2018 in Chapel Hill, North Carolina (Setty, Heymann, et al., 2018). The workshop consisted 
of an introductory set of presentations describing the impetus for the research effort, establishing context, 
and offering historical perspectives and background information on source water protection and risk 
management methods. Another presentation summarized the methods and findings from the comparative 
literature review, describing preliminary research recommendations. Participant questions and 
observations were encouraged to foster dialogue. The workshop also included an interactive group 
learning activity, with participants breaking into small groups for a role-playing case example in which 
they developed a generic risk management plan for a hypothetical utility in the southeastern US. Later, 
participants engaged in a decision-making exercise by prioritizing evaluation criteria and ranking risk 
management frameworks (a) independently based on individual knowledge and preferences, and (b) as a 
group. This Delphi approach to building consensus helped to triangulate and validate potential 
applicability of the criteria and frameworks. 
Results 
Evaluation Criteria 
Based on the comparison of draft evaluation criteria to CFIR intervention characteristics, some 
revisions were made to incorporate constructs that would potentially enhance program feasibility (Table 
18). Importantly, the original focus on long-term sustainability was revised to include both sustainability 
and short-term “trialability,” which might benefit implementers who elect to reverse course after testing the 
program on a small scale. Participating utility survey results were used to revise and develop weighting 
for the evaluation criteria, focusing primarily on two questions (Appendix E) about what factors would be 
important in selecting a risk management program: “How important are the following criteria to your utility 
when selecting a source water protection and management program?” (multiple choice) and “Which other 
criteria, if any, are important to your utility when selecting a source water protection and management 
program?” (open ended). On the multiple-choice question, criteria 1.b, 3.a, and 3.c were considered in the 
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range of very important to extremely important to most utilities (detail in Appendix E) and assigned a 
higher weight of 1.5 (Table 18). 
Table 18. Evaluation criteria and relationship to Consolidated Framework for Implementation Research 
(CFIR) Intervention Characteristics 
Evaluation Criteria (revisions to final criteria in italics) 
*weighted as higher priority 
Correspondence to CFIR 
Intervention Characteristics 
1. Implementation Feasibility and Cost for Utility  
a. Relies on readily available, and/or readily obtained data Adaptability 
b. References a strategy for coping with data gaps or 
uncertainties*  
Adaptability 
c. Relies on user-friendly and readily available tools or methods Cost and Complexity 
d. Relies on modest staff time and available in-house (or 
external) expertise 
Cost and Adaptability 
e. Flexible and adaptable to low-to-modest budget or utility 
resources*  
Cost and Adaptability 
f. Applicable to broad range of source water or watershed risks Adaptability 
g. Applicable to many different types of utilities and geographic 
settings 
Adaptability 
h. Sustainable over the long term and trialable in the short term Trialability 
2. Risk Identification 
a. Provides examples or list of common hazards Design Quality & Packaging 
b. Readily reveals potential hazards to source water Relative Advantage (technical 
capabilities) 
c. Provides relatively comprehensive coverage and identification 
of potential hazards  
Adaptability and Design Quality & 
Packaging 
d. Integrates local or cultural knowledge Adaptability and Intervention 
Source (legitimacy) 
3. Risk Characterization 
a. Helps quantify or rank identified risks to source water (e.g., to 
define priorities based on likelihood and consequences)* 
Relative Advantage (technical 
capabilities) 
b. Uses sound science in quantifying and characterizing type 
and relative level of risk 
Relative Advantage (technical 
capabilities) 
c. Considers multiple facets of risk (e.g., economic or financial, 
regulatory compliance, public health, customer relations and 
trust or utility reputation)* 
Relative Advantage (technical 
capabilities) 
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4. Risk Management 
a. Helps identify possible risk-mitigating options and strategies Relative Advantage (technical 
capabilities) 
b. Helps evaluate and prioritize risk mitigation strategies or 
options 
Relative Advantage (technical 
capabilities) 
c. Incorporates monitoring and evaluation strategies (e.g., in 
real time for critical control points)* 
Relative Advantage (technical 
capabilities) 
d. Offers suggestions for program implementation (e.g., 
identifies best practices or common pitfalls) 
Complexity and Design Quality & 
Packaging 
e. Offers advice for managing risks outside immediate control of 
utility 
Adaptability 
f. Incorporates regular feedback loops or quality improvement 
cycles 
Trialability and Evidence Strength 
& Quality 
5. Clarity and Ease of Communication 
a. Recommends metrics for measuring progress or 
demonstrating benefits 
Trialability and Evidence Strength 
& Quality 
b. Beneficial outcomes have been previously demonstrated 
(e.g., employee satisfaction, water quality, public health) 
Evidence Strength & Quality 
c. Supports clarity in conveying risk-based information: (1) 
within the utility; (2) with governing boards, public officials, 
and regulators; and (3) with watershed stakeholders and the 
general public 
Intervention Source (legitimacy), 
Evidence Strength & Quality, 
Complexity, and Design Quality & 
Packaging 
 
The open-ended question showed greater consensus or frequency of stakeholder values related 
to criteria 1.e, 3.c, and 4.c, which were also weighted as 1.5, while all other criteria were assigned a 
weight of one (Table 18). Although one utility did not provide a response to the open-ended question, cost 
was clearly of overriding importance to three of the four participating utilities (matched to criteria 1.e and 
3.c). Detecting spill events was mentioned multiple times by a single utility, demonstrating its strength of 
influence (matched to criterion 4.c). Based on the language used in the open-ended responses, some 
criteria were adjusted to better reflect participating utility priorities. Criterion 4.c, regarding monitoring and 
evaluation, did not distinguish between real-time operational monitoring and long-term compliance 
monitoring, so “in real time” was added as an example. Similarly, criterion 5.b, which dealt with 
demonstrated beneficial outcomes, left out the perception of reliability among internal employees. Since 
employee satisfaction with risk management programs is similarly regarded as important in the literature 
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(Gunnarsdottir, Gardarsson, & Bartram 2012; Summerill, Smith, Webster, & Pollard 2010), the criterion 
was revised to incorporate this example. 
After receiving and discussing workshop presentations, ten of the attendees provided input on 
evaluation criteria by identifying the five criteria most important to their own utility, and then selecting and 
sharing five they perceived as most important to all utilities. This differed from the written survey question, 
which requested a single-utility consensus response. The group activity also added more raters, including 
external project advisers and coordinators who worked with multiple utilities. Potentially because of these 
differences, the evaluation criteria ranked as most important for all utilities differed somewhat from the 
survey responses. Top-ranked criteria at the workshop (selected by four or more raters) were: 
 1.g. Applicable to many geographic settings and different types of utilities (n=7) 
 3.a. Helps quantify or rank identified risks to source waters (e.g., to define priorities based on 
likelihood and consequences) (n=7) 
 3.c. Considers multiple facets of risk (e.g., economic or financial, regulatory, public health, 
customer relations, and trust or utility reputation) (n=7) 
 2.c. Provides relatively comprehensive coverage or identification of potential hazards (n=6) 
 1.a. Relies on readily available, and/or readily obtained data (n=4) 
 5.c. Supports clarity in conveying risk-based information within the utility, governing boards, 
public officials, regulators, watershed stakeholders, and the general public or customers. (n=4) 
Comparing the two rating methods, criterion “3.a. helps quantify or rank identified risks to source 
waters” and criterion “3.c. considers multiple facets of risk” remained a high priority. Moderate priority 
(selection by 40% of raters) was assigned to criteria 1.a. (“relies on readily available, and/or readily 
obtained data”) and 5.c. (“supports clarity in conveying risk-based information”), which were not 
previously distinguished from other moderately rated criteria (supplemental material; rank sum = 16). 
Higher priority (selection by 60-70% of raters) applied to criteria 1.g. (“applicable to many geographic 
settings and different types of utilities”) and 2.c. (“provides relatively comprehensive 
coverage/identification of potential hazards”). In contrast, criterion 1.b. (“references a strategy for coping 
with data gaps or uncertainties”) declined in importance relative to initial weighting.  
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New criteria raised by workshop participants as highly relevant to risk management program 
implementation were:  
 Connectivity to a support group or body that allows information exchange, continued 
development, etc.; and  
 Guidance for personnel or human resource aspects (e.g., champion, committees, stakeholder 
groups, governing boards. 
Framework Comparison 
Of the 67 documents identified for the literature review, 13 were guidance documents, 36 were 
peer-reviewed literature sources, and 18 were gray literature sources (Table 19). In most cases, we 
considered one central framework guidance document per framework, although we attempted to access 
supporting guidance where possible (e.g., WSP manuals specific to surface water supplies, climate 
resilience, and auditing). Most of the supplementary literature (n = 19) was not particular to a single 
framework, and some sources (n = 4) applied to more than one framework. The majority of the peer-
reviewed literature discussed WSPs (n = 20), while the most gray literature sources were available for 
HACCP (n = 4). Three interviewees used more than one guidance source, and IS0 22000 was most 
common (n = 3).  





Gray literature Interviews 
SDWA1 1 0 0 0 
ANSI/AWWA G300 1 0 1 1 
ANSI/AWWA J100 1 0 1 0 
FDA HACCP 1 2 4 1 
WHO WSP 4 20 0 2 
ISO 22000 1 3 1 3 
ISO 31000:2018 1 0 0 0 
AS/NZS 4360:2004 
and ISO 31000:2009 
1 0 1 0 
ADWG 1 3 1 2 
Techneau 1 0 0 1 
Non-specific 0 10 9 0 
Total2 13 36 18 7 
1Currently in use (included for comparison) 
2Individual totals may sum to more than total number where documents or interviews cited applicability to more than 
one framework. 
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Researchers assigned yes, no, maybe, or not applicable scores for each of the 67 literature and 
seven interview sources across all relevant evaluation criteria (excerpt in Table 20; full list of reviewed 
literature in supplemental material; database available on request). Most frameworks, with the exception 
of WSPs (considering the supporting guidance and interview results), did not address all 24 criteria. 
Nearly all of the evaluated frameworks met some evaluation criteria, such as incorporating monitoring and 
evaluation strategies (4.c) and regular feedback loops or quality improvement cycles (4.f). Some criteria 
were rarely met, such as having advice for managing risks outside immediate control of utility (4.e) and 
metrics for measuring progress or demonstrating benefits (5.a). 
Table 20. Sample entries from evaluation matrix comparing the primary framework guidance document to 
two of the 24 evaluation criteria 
Framework Guidance 
(Full reference in 
supplemental information) 
Criterion 1.a. Relies on readily 
available, and/or readily obtained data 
Criterion 1.b. References a strategy 
for coping with data gaps or 
uncertainties 
SDWA Yes; delineate source protection area 
and inventory potential contamination 
sources  
No; just includes "known and 
potential" 
ANSI/AWWA G300 Yes; data sources are likely readily 
available, including "Delineation [of 
water source geographical area of 
concern]"; "Water quality and quantity 
data"; "Contaminant sources, land 
use, and other threats"; and 
"Inventory of regulations" (section 4.2) 
Maybe; not discussed as a short-term 
issue, although updates are 
recommended when new data or 
information becomes available 
ANSI/AWWA J100 Maybe; have to characterize assets, 
vulnerability, and threats 
Maybe; quantify consequences based 
on estimation methods; suggests 
using midpoints of ranges 
HACCP Maybe; requires pulling multiple 
health-research sources: 
"Considerations of severity (e.g., 
impact of sequelae, and magnitude 
and duration of illness or injury)"; 
"...likely occurrence is usually based 
upon a combination of experience, 
epidemiological data, and information 
in the technical literature."; "The 
critical limits and criteria for food 
safety may be derived from sources 
such as regulatory standards and 
guidelines, literature surveys, 
experimental results, and experts." 
No; not apparent 
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WSP1 Yes; requires detailed description 
including 13 potential data sources. At 
a minimum, outputs should include (1) 
description and flow diagram of the 
system, (2) understanding of current 
water quality, and (3) identification of 
users and uses of the water. Must 
also involve "site visits to confirm the 
knowledge, information and 
schematics available to the utility." 
Maybe; names this as a challenge 
and gives example case studies, but 
does not directly reference a single 
strategy (manual update may address 
this) 
ISO 22000 Maybe; rather specific to food 
production; information requirements 
include raw materials, ingredients and 
product-contact materials, 
characteristics of end products 
No; these issues may challenge the 
certification effort 
ISO 31000:2018 Maybe; gives very brief guidance on 
what to consider but data sources not 
specified 
Maybe; engagement and awareness 
of stakeholders "enables 
organizations to explicitly address 
uncertainty in decision-making, while 
also ensuring that any new or 
subsequent uncertainty can be taken 
into account as it arises." 
AS/NZS 4360:2004 and 
ISO 31000:2009 
Yes; characterizes organizational 
context 
Maybe; claims to explicitly take 
account of uncertainty 
ADWG Yes; for example, assemble historical 
data from source waters, treatment 
plants and finished water including 
exceedances and trend analysis; 
includes fact sheets with guideline 
values 
Yes; "uncertainty due to lack of 
knowledge can be reduced through 
better measurement and research" 
Techneau  Maybe; most options in Table 7 (of 
guidance) require high data 
availability 
Yes; four options for low-to-medium 
data availability presented in Table 7 
(of guidance) 
1Entry shown for primary guidance manual (Bartram et al., 2009) 
When pooled for comparison, the categorical assignment from the written sources and external 
utility interviews did not always match, as might be expected given modular presentation of information 
and differences between guidance and adaptation in practice. In nearly all cases, different sources were 
within reasonable agreement (e.g., yes and maybe, or no and maybe). Benefit of the doubt was given to 
the majority or higher score in case of a tie, as described in the methods.  
Based on the data synthesis, a summary of the number of criteria met, weighted score (based on 
the evaluation criteria and participating utility feedback), description of relative strengths and limitations, 
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and researcher ranking based on context (Table 21) were provided to workshop participants in advance. 
At the workshop, participants had an opportunity to produce their own ranking (replacing the last two 
columns of Table 21) individually, and shared these rankings with the group as a basis for discussion 
(Figure 15). They also received a list of tools identified via the literature review for addressing specific risk 
management steps or hazard categories (provided as supplemental material). 
Table 21. Risk management framework applicability for surface waters in the US, summarizing scores 






Relative Strengths Relative Limitations Recommended 
Rank Based on 
Context1 
WSP 24 53 Recommended for 
worldwide application; 
extent and nature of 
implementation largely 
flexible; many supporting 
documents (including free 
guidance on audits) 
Primary focus is on 
protecting human 











Techneau 17 46 Many supporting 
documents: "structure and 
toolbox"; spectrum of 
quantitative and 
qualitative tool options; 
intended to improve on 




Guidance provision no 
longer active (website 
insecure); still 
somewhat reactive 
(focused on early 
warning/response) 
3 Recommended 
for those who 







17 43 US-centric; respected 
professional authority; 
excellent example of 













ADWG 14 42.5 Comprehensive; user-
friendly; applies elements 
of HACCP, ISO 9001 and 
AS/NZS 4360:2004 to 
drinking water supply 
More than 1,000 pages 
(may be high barrier to 
entry); developed for 
Australian context; 
somewhat focused on 
water quality 
3 Recommended 




ISO 22000 15 39.5 Internationally recognized; 
includes third-party 
certification 
Tailored to food safety 
and some analogies 
(e.g., pest control) may 
not apply to drinking 
4 Recommended 




water facilities; some 
instinctive rejection of 
food chain connotation 





ISO 31000 13 37.5 Suggests it can be 
customized to any 
organization, sector, or 
context; simple; gives 
advice for organizational 
culture 
Requires purchase; 
cannot be used for 
certification purposes; 












11 36 Certification pertinent to 
organizations of any kind 
in Australia and New 
Zealand; contains many 
definitions and principles 
Requires purchase; 
layout similar to ISO 
(not user friendly); not 
particular to water (or 
food) safety; diagrams 








HACCP 11 32 Well-known; widespread 
use; can use descriptive 
historical data to plan for 
future risks 
Specific to food 
production/not tailored 












10 31 US-centric; developed by 
experts after 9/11 
Limited adoption; 
seems burdensome 
and fairly prescriptive; 
focused on terrorism 













not carried out widely 
in practice; level of 
expected public 
involvement may be 
unrealistic 




1yes = 2, maybe = 1, no/not applicable = 0; weights = 1 or 1.5 
2The research recommendation interprets information from the included literature and external case studies, before 
workshop validation or pilot testing. Framework applicability will vary depending on site-specific context and purpose. 
For example, HACCP-based tools were recommended for direct potable reuse source characterization by one 




Figure 15. Summary of participant rankings of risk management framework applicability for surface waters in 
the US (highest ranking = 1; not applicable = N/A) 
 
Participant feedback (Figure 15) generally validated findings based on the comparative literature 
review (Table 21). Individual framework rankings by participants indicated the ANSI/AWWA G300 and 
WSP frameworks were most highly ranked (mostly one or two, out of 10 frameworks ranked). The 
Australian Drinking Water Guidelines, AS/NZ Standard, and ISO 22000 ranked fairly well (between two to 
four) among some participants, while others felt they were not as applicable to US source waters. 
Reasons included a reasonable length and level of detail, as participants felt guidance should be distilled 
and accessible with links to supporting information. Participants also perceived risks of “tokenistic” 
certification efforts and prescriptive processes distracting from the primary purpose of a risk management 
program, although a positive accolade could conversely enhance recognition and help to drive 
performance. The ANSI/AWWA J100, HACCP, ISO 31000, SDWA, and Techneau framework guidance 
ranked moderately (between three and seven), with participants citing both strengths and limitations. In 
general, US-based frameworks were perceived as more applicable to a US context, while foreign 
guidance was perceived as less applicable.  
103 
Updated weights from the participatory ranking exercise were applied to the scoring matrix for 
sensitivity analysis. The standard weight was set to one, the highest ranked criteria were set to 1.5, and 
the two intermediate criteria (1.a and 5.c) were set to 1.25. Applying revised weights based on input of 
workshop participants, the ranking of frameworks largely remained consistent with the participating utility 
survey input. Minor fractional differences elevated the SDWA over ANSI/AWWA J100, and the ADWG 
above ANSI/AWWA G300, which initially had very small degrees of separation (Table 21).  
Facilitated discussions following the exercises led to emergence of consensus that two 
frameworks should be hybridized. ANSI/AWWA G300 offered a suitable foundation, given its focus on 
source water protection, widespread availability, and appeal to US utilities. The WSP framework and 
supporting materials developed by the WHO, recommended for use in all nations but not yet applied in 
the US, were particularly well matched with participants’ priorities as a model for holistic risk assessment, 
risk management, and iterative improvement. Tools drawn from other risk management frameworks, 
especially the ADWG and Techneau, were recommended to enhance integration of cost considerations 
into the overarching framework. ANSI/AWWA J100 also provided examples for calculating costs of 
particular hazards.   
To summarize the workshop discussion (Setty, Heymann, et al., 2018), participants sought a 
simple yet strong scientific framework backed by a community of peer and professional support. They felt 
all components of a holistic framework or plan were crucial to enable the system to function effectively. 
Clarity around later steps of risk management, after problem identification, was a particular area of 
concern. Participants noted the initial team engagement was vital, representing both a primary facilitator 
and beneficial outcome of risk management. Thus, guidance on how to set people (the primary 
influencers of risk management programs) up for success was wanting. Participants sought 
methodological guidance for quantifying and prioritizing diverse risks, broadly defined as any factor that 
could potentially influence intake water quality or quantity. Utilities faced with time and resource 
limitations hoped to be able to make good decisions about which risks to actively manage, while at the 
same time cutting back ineffective programming and gathering more information about poorly 
characterized risks. Participants likewise valued case examples of correct or successful application of the 
entire risk management framework. 
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Participants desired additional guidance on monitoring, since a distinct purpose should always 
precede monitoring activities, in particular with respect to the differences between proactive operational 
monitoring and reactive compliance monitoring. Monitoring was common to all risk management 
frameworks, but the type of monitoring ranged widely, spanning monitoring for compliance, operation, 
performance assessment, statistical modeling, or public health surveillance (Committee to Review the 
New York City Watershed Management Strategy, 2000). Some discussion centered on monitoring 
preventive measures (e.g., operator conducts regular visual checks) versus a hazardous event itself (e.g., 
a color change in source water). Participating utilities perceived diverse implementation challenges, such 
as employee turnover, misalignment with organizational priorities, difficulty interacting with powerful 
watershed stakeholders, and coalescing disparate programs under a cohesive risk management vision, 
framework, and plan.   
Discussion 
The study results showed distinct gaps where criteria important to drinking water utilities could be 
addressed using risk management guidance. Among others, these centered on the risk prioritization 
methods and integration of cost considerations. Participating utilities questioned the relative benefits of 
quantitative versus qualitative risk assessment and prioritization methods. Both approaches have 
strengths and weaknesses, and most basic guidance recommends a 3-level or 5-level semi-quantitative 
matrix as a starting point (e.g., Bartram et al., 2009). Malzer et al. (2010) found a simplified 3-level 
evaluation matrix enabled clearer communication and was more practical than 5-level matrix. Some risk 
matrices (e.g., Table 3.2 in the Australian Drinking Water Guidelines) explicitly incorporated cost 
considerations (NHMRC & NRMMC, 2011). Regardless of the specific method, consistency and 
transparency were essential. The format of guidance also mattered; some sources were overly brief or 
lengthy, while others were distributed across an unmanageable number of documents. Workshop 
participants agreed the best sources were accessible and user-friendly, with readily available 
supplementary material.  
Based on the study findings, drinking water risk management guidance for the US context should 
expressly include mechanisms for considering costs and benefits (e.g., to compare the most cost-
effective approaches for mitigating risks). Cost and resource limitations are frequently perceived as a 
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barrier to adopting proactive risk management measures for drinking waters, both in the US and abroad 
(Amjad et al., 2016; Loret et al., 2016; Jetoo et al., 2015; Gunnarsdottir, Gardarsson, & Bartram, 2012; 
Summerill, Smith, et al., 2010). Additional research evidence about the overall financial costs and benefits 
of risk management interventions for drinking water utilities in high-income countries would help to 
support implementation decisions. Currently, most cost-benefit comparisons focus on low and middle-
income countries, which may differ as a result of greater flexibility in monitoring regimes or poorer initial 
water efficiency (Hasan & Gerber, 2008; Howard et al., 2005). Resource limitations should theoretically 
be less constraining in the US, yet they widely affect the drinking water sector (Value of Water Campaign, 
2017). Funding investment and requirements associated with AWIA Title II “Drinking Water System 
Improvement” should help water utilities to update their resilience assessment and emergency response 
plans to incorporate all hazards. This regulatory change adds to the need for guidance on approaches to 
prioritize and manage risks. 
Since the main risk-management program expense is usually staff time (Loret et al., 2016), 
supervisors could set expectations in advance for time investments to help control costs. US source water 
protection programs were typically implemented by one or two people at a utility, or an external consulting 
firm. Other approaches call for a team, typically involving at least four to five internal staff members, as 
well as a managerial champion. The low-and-slow investment in getting staff members engaged in and 
trained about risk management may be more palatable relative to the potentially high financial, societal, 
reputational, environmental, or public health cost of an unexpected incident. Some organizations choose 
to use integrated management systems, which link all components of risk (including those based in the 
catchment and business risks) to a utility-wide risk management plan (Miller et al., 2009). One external 
utility used a technical team to identify risks and develop management options, while a separate business 
team evaluated the range of lower-cost to higher-cost risk mitigation strategies and selected the most 
sensible one. 
Participating utilities additionally perceived information gaps and an overwhelming number of 
potential risks as limiters of risk-management activity. Post et al. (2017) recommended condensing similar 
hazards into fewer than 30 categories to avoid a tedious review process. The literature and interviewees 
often cited the precautionary approach in case of doubt, recommending purposefully higher risk ranking, 
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further monitoring, or watchful waiting to assess shifts in risk (Dominguez-Chicas & Scrimshaw, 2010). 
Some experienced practitioners developed actionable categories of preconditions that should be 
addressed to enable active risk management decisions. These included gathering more information about 
contaminant sources, monitoring source water for unreported compounds, contingency planning, 
outreach and education, and seeking relevant policies or regulations. In some cases, the informational 
and risk avoidance value of upgraded monitoring programs might justify additional instrumental and 
analytical costs. 
While recognizing that multiple barriers offer the greatest protection, drinking water safety efforts 
in the US have traditionally focused on the treatment plant. It may be more cost-effective to enhance 
upstream barriers in the watershed (e.g., by reducing or eliminating contaminant sources) but politically or 
logistically more difficult (Gullick, 2014; Committee to Review the New York City Watershed Management 
Strategy, 2000). Efforts to take customer complaints more seriously were widely recognized as an 
inexpensive starting point for earlier warning of potential contamination problems (Tang et al., 2013), and 
commonly coincided with efforts to undertake risk management programming (Kumpel et al., 2018; Setty, 
O'Flaherty, et al., 2018). Regulatory paradigms were viewed as both a driver and a limiter to risk 
management programs, as they both establish and restrict expectations for practice (Gullick, 2014). 
Interviewees recognized that the legal framework, degree of regulatory authority and support, and 
ongoing state of communication and trust occasionally limited their risk management options. All four 
participating utilities agreed “lack of authority/regulatory support” was a key drawback to their current 
programs.  
Notably, the programs reviewed here and recommended for pilot implementation at participating 
utilities are of a voluntary nature. High-profile recognition or endorsement by innovative utilities or trusted 
professional authorities (e.g., US EPA, AWWA) may weigh heavily on success when scaling up or 
adapting drinking water safety programs to new settings. Based on initial project outreach, the US EPA is 
likely to proceed in the short term by issuing guidance on possible voluntary drinking water risk 
management approaches, such as those evaluated in this project. This might require clarification of how 
existing US programs and requirements fit within an overarching risk management umbrella. For 
example, preliminary guidance provided by AWWA regarding the AWIA identifies “cross-connections” 
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between separate AWWA standards for source water protection, risk and resiliency, security practices, 
and emergency preparedness. Under a voluntary model, AWWA could also integrate prospective risk 
management principles into the retrospective reporting requirements for the Partnership for Safe Water, a 
subscription-based treatment and distribution system optimization and recognition program.  
Over the long term, direct regulatory support would further build capacity for change (Mercer & 
Bartram, 2011; Ferrero et al., 2019), although it would ideally adjust requirements, rather than adding to 
existing compliance fatigue (Amjad et al., 2016). A recent review of repeated water quality violations in 
the US raised subnational regulations as a potential solution (Allaire et al., 2018). Substituting a site-
specific, rather than one-size-fits-all, approach could result in greater efficiency and cost savings (String & 
Lantagne, 2016). For example, the US EPA could allow alternative approaches to drinking water risk 
management to substitute in part for compliance monitoring requirements, given the precedent of allowing 
alternate risk models based on quantitative microbial risk assessment (QMRA) for recreational beach 
water quality monitoring. However, adapting regulations for human consumption may prove more 
challenging, since drinking water represents a non-optional and more frequent exposure. To avoid 
stagnation around minimum requirements (Gullick, 2014), the burden of proof would likely fall on the utility 
to demonstrate how its risk management program meets or exceeds standard compliance monitoring 
requirements.  
Limitations 
Research limitations included potential reporting bias (selective information sharing) in the group 
workshop setting, wherein utility participants may have felt deferential pressure toward experts. 
Facilitators from the research team noted the group discussion was somewhat imbalanced early on, and 
made explicit efforts to call upon all utility representatives in later sessions. In the preliminary analysis, 
only participating utilities provided input on criteria weighting, and slightly different perspectives were 
evident when comparing two criteria weighting methods. For example, a strategy for addressing data 
gaps and uncertainties was more important to utility staff, while external generalizability to different 
geographic settings, types of utilities, and potential hazards was more important to external experts.  
Some frameworks, including HACCP, WSPs, ISO 22000 and the ADWG, were more widely cited 
in literature sources (Table 19), leading to a more developed body of knowledge. To avoid bias in 
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interpreting framework guidance, an effort was made to consider diverse language, such as “threats” 
versus “hazards,” that might address the same evaluation criteria. Some criteria (Table 18) contained split 
definitions that considered more than one construct (1.g, 1.h, 5.a), were similar to other criteria (2.a and 
2.c), or were difficult to measure (1.h). While the research team and external advisors were aware of 
these issues from the outset of the review, it was ultimately decided to retain the original number of 
criteria rather than further splitting or combining. The study would have benefited from a second rater, 
which would enable calculation of inter-rater reliability metrics for these newly developed criteria. 
Cost and accessibility of guidance materials played a limiting role in this study, in agreement with 
Loret et al. (2016). Several documentation resources (especially the ANSI/AWWA G300 Operational 
Guide and ISO standards) required purchase, could not legally be reproduced, or did not exist in an 
electronic format, which restricted accessibility for review and inclusion in the study. The participating 
utilities similarly communicated a clear need to justify added risk management programming costs, 
including subscriptions and fees for documentation. ANSI/AWWA J100 was not formally linked with but 
might be complemented by separate AWWA-supported standards and manuals such as G430 “Security 
Practices for Operation and Management,” G440 “Emergency Preparedness Practices,” and M19 
“Emergency Planning for Water and Wastewater Utilities.” An operational guide for ANSI/AWWA J100, 
which may address more evaluation criteria, is similarly under development. Some other guidance 
materials were extremely lengthy or had many different supporting documents, which might pose a barrier 
to quick program startup. Such practicalities of access were listed as relative strengths and limitations of 
various frameworks (Table 21).  
Finally, while the methods made an effort to incorporate undocumented knowledge via interviews, 
data interpretation was in some ways limited to the clarity of the authors’ or interviewees’ presentation of 
the information. Some program characteristics could differ in practice, despite ambiguous written 
presentation. Since different practitioners are likely to have different experiences with the same guidance 
material, the interview results were not intended to be externally generalizable, but to supplement the 
literature. Despite multiple inquiries, we ultimately could not garner participation in interviews regarding 
ANSI/AWWA J100, AS/NZ Standard ISO 31000:2009, and ISO 31000, which could illustrate how these 
frameworks were applied in practice. In accordance with the study goals, sparse application or lack of 
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certification program accessibility among water utilities in the US could limit peer support networks and, 
as evidenced by the new evaluation criteria proposed at the workshop, would be considered a drawback 
to implementation of these programs. 
Recommendations 
While the program recommendations are internally valid and specific to this project, external 
generalizability (e.g., to other US utilities) would be enhanced by utility pilot testing and evaluation. 
Following this research effort, hybrid step-by-step guidance on the risk management process will be 
developed to support a six-month pilot implementation period at the four participating utilities in 2019. 
Depending on the outcomes, utilities may elect to incorporate some aspects of the risk management 
approach into their long-term programming.  
Insights from this study were shared with the AWWA Standards Committee, as they review and 
update ANSI/AWWA G300 in 2018-19. This was an important project outcome, as integrating or 
transcribing international guidance into national-level legislation or professional guidance helps to adapt 
the framework to a narrower context (reducing instinctive rejection of concepts), incentivizes adoption, 
and creates a stronger basis for program sustainability via ongoing information access and peer-to-peer 
learning communities. Utilities acting as early adopters also provide helpful applied evidence to ease the 
transition of later adopters (Rogers, 2003). More in-depth or wider-scale implementation efforts would be 
a logical next steps, and hybrid study designs could offer insight about effectiveness of the intervention as 
well as the implementation process (Curran et al., 2012). 
At an individual utility level, Sham et al. (2015) recommended a US Centers for Disease Control 
and Prevention (CDC) process to assess existing source water protection efforts and tailor programming 
to the utility’s particular goals. Most risk management frameworks recommend a phased approach, 
recognizing that positive steps are preferred over inaction (Bartram et al., 2009). To overcome the initial 
challenge of starting a proactive risk management program, both external interviewees and literature 
sources considered communication and framing important. Stakeholder communication should focus on a 
common desire to protecting the health of employees, residents, and their families (Summerill, Pollard, & 
Smith, 2010). A neutral, two-way, regular communication forum (e.g., watershed management group) 
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could help to facilitate active sharing and translation of ideas. Some reviewed US examples also 
successfully leveraged external resources to supplement the utility’s internal investment.  
Known facilitators and benefits of risk management programs are likely to translate to a US 
context, as limited research in the US has matched findings from other high-income settings (e.g., Loret 
et al., 2016; Kot et al., 2015). The US EPA’s Water Security Initiative Contamination Warning System 
pilots (US EPA, 2015) reported seven areas of program benefits. Alert responses became faster over 
time, corresponding to the findings of Setty et al. (2018b) in France. The study similarly demonstrated the 
value of attention to support from senior management and stakeholder engagement, matching the 
findings of Gunnarsdottir, Gardarsson, and Bartram (2012) in Iceland. Similar to the participating utility 
feedback in this study, both studies described the importance of demonstrating to employees at multiple 
organizational levels how the project benefitted day-to-day operations and utility goals (US EPA, 2015; 
Gunnarsdottir, Gardarsson, & Bartram, 2012).  
Research based in Canada, which in many ways parallels the US’ needs, demonstrated factors 
related to successful project piloting and scale-up (Kot et al., 2017), and mechanisms to better integrate 
drinking water risk management programs into existing water governance structures (Bereskie et al., 
2017). While a limited number of utilities have adopted drinking water risk management programs in 
Canada, particularly in the province of Alberta, they have not been integrated into the national regulatory 
framework, as in Australia. Thus, this study may identify synergies for drinking water risk management 
program applications in Canada as well.  
A few interviewed external utility practitioners were using multiple risk management programs, 
such as national guidance to comply with legislation alongside a voluntary third-party certification 
program, or global guidance transcribed into national legislation. This showed that individual utility 
approaches need not be limited to one risk management program, as program alternatives can be 
complementary. Even given ideal guidance, implementation can vary widely in practice, and an effort 
must be made to understand when and how adaptations occur to maintain some degree of fidelity to the 
designers’ intentions (Damschroder et al., 2009). Clear documentation of the risk management program 
was highly recommended by workshop participants in case of personnel turnover. One participating utility 
faced an unusually high rate of retirement in the year before project initiation, which utility personnel felt 
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strongly limited their ability to participate. This risk of knowledge loss during transitions may become more 
prevalent due to the rapidly evolving US water industry workforce.  
Since the latter half of the twentieth century, tools and guidance for risk management have been 
updated and improved, becoming more user-friendly and more closely applicable to drinking water rather 
than food or other systems. In Iceland, for example, pioneering national legislation in 1995 essentially 
applied food-based HACCP principles. Their more recent guidance and training efforts, though, have 
become more closely aligned with the European Union Drinking Water Directive and WHO’s WSP 
approach for water systems. In addition to the ANSI/AWWA standards updates, a WSP manual update is 
underway to improve user-friendliness, for example by including more diverse case examples (Ojomo, 
2017).  
Future capacity building should include the criteria raised by workshop participants: connectivity 
among a supportive network or group to allow information exchange, and guidance for the personnel and 
human resource aspects critical to the success of risk management approaches. Although the scope of 
this project was limited to large utilities, consideration of risk management frameworks and tools tailored 
for use at small US utilities will similarly be vital to ensuring resilient water supplies for all. 
Conclusions 
Considering the needs of utility personnel tasked with source water protection, this comparative 
evaluation recommended combining ANSI/AWWA G300 and WSPs as user-friendly guidance sources for 
managing risks to US surface water sources. Supplementary techniques and tools could incorporate cost-
benefit considerations into risk ranking and mitigation decisions, along the lines of examples provided by 
the ADWG, Techneau, or ANSI/AWWA J100 guidance. WHO and other groups have supplemented and 
spread WSP guidance through active capacity building efforts. The ANSI/AWWA G300 Source Water 
Protection Standards Committee is likewise making efforts to incorporate aspects of widely used risk 
management approaches to further improve the program for US utilities.  
While some risk management programs were country-specific or required paid consultation, this 
review catalogued a variety of approaches and tools available to meet individual utilities’ needs and 
resource levels. It highlighted which considerations might be important when scaling up or adapting 
drinking water safety programs to other high-income and heavily regulated settings, such as Canada. 
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Although this study focused on surface water sources in the US, some findings may apply to other scales 
of risk management (e.g., including water treatment or distribution systems). Renewed attention to risk 
management may be the best approach to help prevent unexpected contamination and service 
interruption events, which ultimately have sizeable effects on the economy and public health.   
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CHAPTER 6: OVERARCHING CONCLUSIONS 
Research Summary 
Outcomes and impacts of WSPs should be expected to vary across large water utilities in high-
income countries, as the intervention itself is adapted to the needs of each location. At five locations in 
France and Spain, implementation of a WSP generally resulted in unchanged or improved water quality 
(Setty et al., 2017). Compliance improved at most locations. Evidence for reduced acute gastroenteritis 
incidence following WSP implementation, assessed separately, was found at one of the three locations 
examined. This demonstrates both the potential for positive public health outcomes, and the variability in 
outcomes depending on implementation context. Further, it emphasizes applicability of iterative 
improvement cycles to ensure WSPs do not remain static, and are periodically revised to address new or 
stagnant challenges. Indeed, implementation of complex interventions is not something done once, but 
rather a non-linear, emergent, and dynamic process (C. R. May et al., 2016). While evaluation methods 
and indicators are likely to become more standardized over time, the measures of “success” for a WSP 
may be influenced by the local context, goals, and values. 
Generalized additive models using daily or monthly time series data identified significant 
relationships between control and exposure indicators and acute gastroenteritis (Setty, Enault, et al., 
2018), validating earlier associations between drinking water and health outcomes at three of the WSP 
implementation sites in high-income countries (Setty et al., 2017). Risk models varied by location, 
depending on data availability and the hydrological setting. Lag times of 6-9 days were found for 
hydrological exposure indicators at two French sites, likely indicative of viral pathogens. Overall, “flush” 
events (suggestive of nonpoint source pollution inputs into surface water supplies) and elevated turbidity 
in finished water posed the greatest risks. Both parameters appeared to be modified following WSP 
implementation. These findings confirm that risks to water systems are often site-specific, and that regular 
monitoring and evaluation can help to refocus the WSP on the highest-priority challenges. For example, 
both weather conditions and turbidity – an imperfect but valuable proxy for acute gastroenteritis risk 
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(Beaudeau, 2018; Hsieh, Nguyen, Matte, & Ito, 2015) – can be tracked in real time, enabling development 
of decision algorithms to inform risk levels and operational responses.  
Since WSPs are largely carried out by people who interact with water treatment equipment and 
procedures, operational performance indicators may be key to understanding the causal mechanisms that 
link inputs and activities to desirable WSP impacts (Figure 1). In addition to water quality data, one WSP 
implementation location in southwestern France collected operational performance measures over 
several years, and was analyzed as an in-depth case study. Quantitative assessments of performance 
indicators supported earlier qualitative reports of performance benefits from utility managers (Setty, 
O’Flaherty, et al., 2018). Results indicated significantly reduced duration of low-chlorine events at one 
production facility and a significant decrease in customer complaints related to water quality. The study 
looked primarily at benefits, where future research would benefit from direct comparison of benefits with 
costs and unanticipated outcomes. Completed concurrently, this single-utility case study of performance 
criteria largely agreed with the WHO’s recommendations for WSP evaluation criteria based on research in 
the Asia-Pacific region (Kumpel et al., 2018) as well as other case reports of operations and maintenance 
benefits associated with WSPs worldwide (WHO & IWA, 2018). The WHO continues to develop and 
refine guidance for data collectors seeking to assess WSP outcomes and impacts. While progress toward 
standardizing performance-tracking indicators can facilitate larger-scale status updates and meta-
analyses, the variability within results holds similarly critical information about the influence of 
implementation procedures, site-specific risks, and contextual factors.  
After confirming potential effectiveness of the WSP intervention, an implementation study 
assessed evidence to inform risk management policy and practice in the United States. It comparatively 
reviewed several permutations of risk management programs applicable to surface water sources, 
combining systematic literature searches, interviews, surveys, and structured evaluation criteria related to 
implementation theory (Setty, McConnell, Raucher, & Bartram, 2019). Following participant validation of 
the findings, it recommended hybridization of the American Water Works Association’s source water 
protection standard (ANSI/AWWA G300) and the WHO’s WSP guidance to develop comprehensive risk 
management guidance applicable to US surface water sources. This adaptation would help to improve 
compatibility and facilitate dissemination of risk management programming to US utilities. Because cost 
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concerns weigh heavily in the US context (Amjad et al., 2016; Value of Water Campaign, 2017), 
components of other frameworks were recommended to incorporate financial considerations into risk 
ranking and mitigation decisions.  
The lack of consistency from location to location (Setty et al., 2017) was at first surprising, but fits 
existing evaluation theory given the extensive contextual variability among utilities, for instance in 
geographies, treatment approaches, cultures, and regulatory environments . Advanced water treatment 
systems in high-income settings may represent a best-case scenario, where a large health impact is 
unlikely to be observed (Gunnarsdottir, Gardarsson, Elliott, et al., 2012; Setty et al., 2017); still, in all 
cases, research identified a link between environmental exposures and human health outcomes (Setty, 
Enault, et al., 2018). Thus, the connection between humans and their environment remains intact, and 
barriers used to prevent disease should in most circumstances be assumed to be imperfect. WSPs seek 
to reduce vulnerability, as no system is immune to contamination or failure events (Bartram et al., 2009). 
In a complex system, reduction of some risks may even cause an increase in other types of risks, leading 
to mixed or counterintuitive outcomes (Setty et al., 2017; Setty, Enault, et al., 2018; Setty, O’Flaherty, et 
al., 2018). Closely matching the theoretical components of the intervention is highly relevant (Bartram et 
al., 2009; Setty, McConnell, et al., 2019), since implementation approaches are likely to vary widely in 
practice and take time to alter. In examining the theoretical basis for WSPs, quality improvement (to 
achieve the best possible outcome measurable against your own starting point) may be the most 
important lesson. 
Implications 
Context and Complexity 
Considered together, the weight of evidence from the literature and this research supports WSP-
related effects in the earlier stages of the logic model (Figure 1; Gelting et al., 2012), such as activities 
and outcomes. Broader water quality, health, and socioeconomic impacts remain distinct possibilities and 
may require sufficient time and data to observe (Gunnarsdottir, Gardarsson, Elliott, et al., 2012; Setty et 
al., 2017). Given a high-income setting, even a small significant change remains a matter of keen interest 
insofar as it bolsters public health and wellbeing by reducing the water-related burden of disease and its 
associated healthcare and productivity costs (Setty et al., 2017). Overall, these studies recommend a 
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path toward scaling up WSPs in high-income countries (WHO & IWA, 2010), with greater attention to well-
timed iterative learning processes to drive achievement of beneficial outcomes across diverse locations 
and contexts. This may involve a one- to three-year cycle of repeated planning, implementation, 
evaluation, and adjustment. An iterative feedback loop is built in as the final module of WSP 
implementation (Bartram et al., 2009), with supplementary guidance for quality assurance (WHO & IWA, 
2011) and auditing (WHO & IWA, 2015). Quality improvement cycles such as “plan-do-check-act” have 
been successfully applied in healthcare settings with benefits to organizational culture and outcomes 
(Institute for Healthcare Improvement, 2003), and have been proposed in tandem with WSPs to help 
achieve effective water governance in Canada (Bereskie et al., 2017).  
While it is critical to know whether and how WSPs work in concept, we should seek to learn more 
about why, when, where, and for whom they work in practice. Complex interventions often have weak 
main effects and indirect impacts, where setting and context strongly influence outcomes (Hamilton & 
Mittman, 2017; Pfadenhauer et al., 2017). Thus, results of even advanced and thorough WaSH studies 
often provide “it depends” answers (Mills & Cumming, 2016) requiring finer attention to detail. In 
retrospect, the lack of generalizable consistency in WSP outcomes among locations agrees with other 
studies. In Iceland, for example, the composite effect size represented a 14% reduction in diarrheal 
disease associated with WSP implementation (Gunnarsdottir, Gardarsson, Elliott, et al., 2012). Looking at 
the seven locations considered, significant reductions were found independently at five locations, while 
two remained unchanged. In the Asia-Pacific impact evaluation research, the percentage of sites showing 
improvement varied from 21% to 95% across all indicator categories (Kumpel et al., 2018). 
Supplementing composite values and meta-analyses with measures of variability and in-depth case 
studies would aid local decision-making. This is especially important at smaller scales, since most actors 
consider local evidence more compelling than evidence from a different setting (Nutley, Walter, & Davies, 
2007).  
Adapting the Intervention 
A great deal of literature examines the balance between fidelity and adaptation in health 
interventions (J. D. Allen et al., 2017; Bauman et al., 1991; Baumann et al., 2017). This balance enters 
strongly into the discussion of a complex multi-level intervention such as WSPs, where adaptation to local 
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circumstances is recommended over complete standardization (Craig et al., 2013). Caution is necessary 
to ensure beneficial adaptations of WSPs (e.g., to ensure successful buy-in) do not overly reduce fidelity 
to the WHO recommendations, resulting in ineffective or wasteful programming. For instance, 
emphasizing cost-savings over public health concerns might be counter-productive (Summerill, Smith, et 
al., 2010), recommending caution even in settings where this seems helpful (Setty, McConnell, et al., 
2019). Fidelity may be especially crucial early on in the implementation process (Szulanski & Jensen, 
2008), with greater flexibility and autonomy arising at later stages of learning and iteration. Some 
adaptations, such as added measures to combat corruption, may apply to only select countries and 
cultures (Omar et al., 2017).  
Clearly, balancing what works in general with what will work in a particular context is a tricky task, 
and systematic consideration of implementation theory (e.g., Damschroder et al., 2009; Pfadenhauer et 
al., 2017) and past case examples (e.g., Barrington, Fuller, & McMillan, 2013) can help clarify where 
targeted effort is needed. For example, a standardized framework and methods can identify 
implementation barriers in low-performing settings, and match these to a catalogue of recommended 
“strategies” for overcoming the barriers (Powell et al., 2015, 2017; Proctor, Powell, & McMillen, 2013). 
Similarly, high-performing settings can contribute knowledge of which implementation “facilitators” best 
reinforced successful outcomes (Baum & Bartram, 2018; Roeger & Tavares, 2018; String & Lantagne, 
2016). Documentation of adaptations is considered a good practice, helping to clarify which changes 
were made and enabling practitioners to better track how adaptations related to effectiveness (Baumann 
et al., 2017; Craig et al., 2013). Ultimately, documenting adaptations helps to elucidate the most important 
“core components” or “active ingredients” of the intervention, which should always be upheld during 
implementation. Based on the literature, some of these core components appear to be legislation, 
supportive leadership, a team approach, adequate resource allocation, thorough staff training, completion 
of all WSP steps, and auditing (Ferrero et al., 2019; Gunnarsdottir, Gardarsson, & Bartram, 2012; Kot et 
al., 2015; Loret et al., 2016; Setty et al., 2019; Summerill, Pollard, et al., 2010; Summerill, Smith, et al., 
2010; Tsoukalas & Tsitsifli, 2018; WHO & IWA, 2011).  
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Human-Centeredness 
At its roots, the WSP intervention depends on people. The WHO manual suggests that WSPs 
should make it easy for people to do the right thing (Bartram et al., 2009). Implementation frameworks 
begin to create structure for understanding the challenges that have historically plagued complex WaSH 
interventions: human-centered interventions must take into account human tendencies. Behavior change, 
above all, does not come easily. The WSP manual suggests risk management must be fully integrated 
into normal operating practices (Bartram et al., 2009). This is because taking extra steps or following 
complex procedures are not natural human behaviors unless people are highly intrinsically motivated. 
The culture of the water supply sector in particular tends to remain reactive, in large part because it relies 
on technical knowledge and operation of inflexible existing infrastructure (Takala & Heino, 2017), which 
may stymie creativity and innovation. 
Science, technology, engineering, and mathematics (STEM) fields have seen increased diversity 
in recent decades, which is postulated to improve team communication and function (IWA, 2016). In 
many places, males with an engineering or vocational training background have historically dominated 
the water supply workforce (WHO & UN Water, 2012), which may limit the diversity of experience and 
viewpoints contributing to risk prevention. These prevalent characteristics are part of the context, and 
must be taken into account when attempting to intervene and create change. With shifting global 
demographic trends such as migration and urbanization (Dodani & LaPorte, 2005), rural, remote, or 
under-resourced utilities may have a smaller and less diverse pool of candidates available to serve on the 
risk management team, which in some cases can manifest in-group thinking and negative perceptions of 
outsiders (Turner & Pratkanis, 1998). Along with the default focus on compliance monitoring for 
established water quality parameters in recent decades (Baum et al., 2016; Setty, McConnell, et al., 
2019), such team dynamics could challenge comprehensive consideration of risks and mitigation 
measures (Bartram et al., 2009). 
Many individuals tied up in a process have difficulty stepping back and seeing it from another 
perspective. Thus, auditing, although critical to WSP success (Ferrero et al., 2019; WHO & IWA, 2015), is 
a sometimes uncomfortable procedure in which people are exposed to negative feedback about their 
work. An important tenet of WSPs is a “no-blame” approach where the entire team is responsible for any 
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incidents or shortcomings (Bartram et al., 2009). Given the relative discomfort of pointing to implementers 
as part of the problem, we may instead blame failures on policies and institutions (Biswas, 1996). 
Sometimes this is appropriate, as biases in the broader societal and organizational culture can facilitate 
or negate individual effectiveness. For example, private sector organizations may offer greater 
implementation support than their public sector counterparts (G. A. Aarons, Sommerfeld, & Walrath-
Greene, 2009); however, site-specific influences will be modified by leadership style, which is a 
recognized influence on staff behavior and organizational culture (G. Aarons, Ehrhart, & Farahnak, 2014; 
Summerill, Pollard, et al., 2010). Thus, water sector privatization or demographics, while influential, are 
less important than development and maintenance of a proactive culture and preventive mindset among 
the existing team (Gunnarsdottir, Gardarsson, & Bartram, 2012; Kot et al., 2015). 
Across all cultures, human learning is essential to effective WSPs (Ferrero et al., 2019). This 
requires periods of rest and reflection, which may come at a premium in high-income societies that 
measure productivity in quantity rather than quality. Further, trendy technological solutions such as 
membranes, sensors, artificial intelligence, and ever-smaller detection limits often hold more “sex appeal” 
and may receive more funding and attention than more high-impact, yet awkward-to-discuss, 
management interventions that address human and organizational behavior. Lastly, some high-income 
countries such as the US have an autonomous culture, which praises individual achievement. Such a 
dominant mindset may challenge the team approaches integral to WSPs, for instance if one or two 
employees become solely responsible for risk management activities. Research and guidance suggests 
all staff should be aware of and trained on the WSP, including contract employees (Bartram et al., 2009; 
Loret et al., 2016). 
Capacity building requires that a critical mass of trained personnel invest in the WSP process. 
Human beings have diverse strengths and weaknesses, and WSP effectiveness requires a fundamental 
degree of employee buy-in (Gunnarsdottir, Gardarsson, & Bartram, 2012; Summerill, Pollard, et al., 2010; 
Summerill, Smith, et al., 2010). This issue is perhaps most apparent when utilities or funders expect 
short-term outside experts or consultants to develop a WSP. Outsourcing the effort can hinder the local 
input and knowledge that is crucial for brainstorming all potential risks to the water system (Rinehold, 
Corrales, Medlin, & Gelting, 2011), and can reduce the exposure to the information and problem solving 
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required to reinforce learning objectives (Ferrero et al., 2019; Ferrero, Bichai, & Rusca, 2018). Ideally, 
any outside parties would primarily take on a facilitation role and empower practitioners to carry on 
without them (Rinehold et al., 2011). 
Spread and Scale-Up 
The strength of evidence for multiple benefit categories attributable to risk management 
programming has continued to grow (Kumpel et al., 2018; Setty et al., 2017; Setty, Enault, et al., 2018; 
Setty, O’Flaherty, et al., 2018). Further, the WHO guidance appears to satisfy nearly all intervention 
characteristics important to utilities in high-income countries (Setty, McConnell, et al., 2019). Thus, based 
on pooled implementation theory (Damschroder et al., 2009), WSPs should be considered a potentially 
effective intervention having “face validity” (Curran et al., 2012) as well as indirect or direct evidence, 
depending on a utility’s proximity and similarity to former or existing research sites.  
Policies recommending drinking water safety planning have been in place globally since 2004 
(IWA, 2004; WHO, 2004). The regulatory climate in a country might progress through a spectrum, which 
discourages, unofficially allows, officially allows, officially recommends, or officially requires WSPs. The 
most recent status report (WHO & IWA, 2017) classifies the stages of national policy progress as: “WSP 
policies or regulations formally approved, WSP policies or regulations under development, WSP policies 
or regulations anticipated, or no WSP policies or regulations.” Of 93 countries where WSPs have been 
implemented to some degree (ranging from case examples to countrywide rollout), 69 have policies or 
regulations in progress to support scale-up. In 2018, an update to the European Union Drinking Water 
Directive recognized the limitations of retrospective microbial indicators and issued recommendations 
compatible with using WSPs for preventive risk management (European Parliament & Council, 2018). 
Given the rapid rate of WSP adoption, a recent review recognized that efforts to build capacity to support 
water suppliers have not kept pace (Ferrero et al., 2019). In considering the multiple dimensions of 
capacity and learning needs around WSPs, it found that many countries and regions lack case examples, 
legal requirements, human resources, and training resources. Recommendations include customizing 
training for different target groups, developing auditor certification programs, and tracking changes in 
capacity alongside progress on WSP implementation and policy development (Ferrero et al., 2019). 
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To better understand how to build capacity for scaling an intervention, one must consider that 
different countries and water suppliers fall into different stages of implementation. Rogers’ theory of 
diffusion of innovations classifies these stages as innovators, early adopters, early majority, late majority, 
and laggards (Rogers, 2003). The majority of actors (in this case utilities or countries) fall into the middle 
categories, suggesting there are likely to be a few pioneering early adopters, such as Iceland and 
Australia, and a few countries resistant to change, such as the US. Advice exists regarding steps for 
scaling up WSPs at country level, including growing understanding, establishing a vision, gaining practical 
experience, developing a national strategy, and establishing supporting instruments (WHO & IWA, 2010). 
These high-level steps may need to be tailored to a given setting. Improving the enabling environment in 
each country context may require recognition of the current state of affairs, barriers to implementation, 
and strategies matched to those barriers (Powell et al., 2015, 2017; E. K. Proctor et al., 2013). In France, 
for instance, the local political context played a strong role in halting WSP implementation at one location 
(Loret et al., 2016) and in shaping critical controls at another (Setty, O’Flaherty, et al., 2018). 
While the intervention guidance has been largely successful (WHO & IWA, 2017), and further 
improvements are planned by WHO when updating the guidance manual (Ojomo, 2017), it may require 
adaptation from its current form to overcome implementation barriers. In particular, simplified guidance 
may apply in diverse cases beyond small, rural systems (World Health Organization, 2012). A primary 
implementation drawback identified by Setty, McConnell, et al. (2019) among CFIR intervention 
characteristics (Damschroder et al., 2009) was the ability to trial the intervention at a lower level of 
investment and reverse course if needed. Some type of quick start guide, such as a “60-day WSP 
challenge” or guidance around introductory levels of sophistication, might assuage fears about potential 
misapplication and encourage pilot trials among new adopters. Users could then proceed at their own 
pace and gradually advance to more sophisticated tiers or phases, since getting started is preferable to 
no action at all. Other domains deemed important in implementation outcomes include the inner 
organizational setting, outer setting, characteristics of individuals, and the process followed (Damschroder 
et al., 2009). This extensive array of contextual factors explains why potential intervention effectiveness 
may be insufficient to determine outcomes, recommending evaluation of implementation approaches 
alongside intervention effectiveness in pilot efforts (Curran et al., 2012).  
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Collaboration with implementers, such as prominent professional associations, could support and 
ensure active dissemination rather than passive diffusion. For instance, influential professional groups 
such as AWWA could more thoroughly integrate WSP principles into the voluntary programs, or use 
develop a source-to-tap umbrella framework that organizes existing risk management programs and 
requirements (Setty, McConnell, et al., 2019). Regulatory agencies in high-income countries may have 
administrative and regulatory expertise, but limited technical area knowledge and human resources 
capacity for bridging science, policy, and practice. For example, the Center for Evaluation and 
Implementation Resources within the US Department of Veterans Affairs contains an in-house 
implementation science and support unit, a model that could similarly benefit environmental protection 
and public health agencies. In high-income countries, external water utility support often involves paid 
services from a professional association, consulting firm, or provider of continuing education credits. 
These costs might serve as a barrier to implementation, particularly given the vast heterogeneity within 
countries and swaths of relatively low-resource areas.   
National adaptations of the WHO guidance would help to facilitate uptake (Ferrero et al., 2019). 
Flexibility in the time needed to comply with new policies, along with options for ways to demonstrate 
compliance, can be important in creating an enabling environment rather than overwhelming affected 
parties with sudden change. In countries where WSPs have not yet been trialed, such as the US, it is 
likely that more critical barriers to adoption exist (Edgar, Smith, Pollard, Breach, & Williams, 2008; 
Rogers, 2003). Amjad et al. (2016) describe a low perceived willingness and ability to implement WSPs in 
one US state, especially on top of existing regulatory compliance requirements. A recent review of 
repeated water quality violations in the US raised subnational regulations as a potential solution (Allaire et 
al., 2018). Setty et al. (2019) suggested building options into regulations may be desirable in the case of 
WSPs, allowing some utilities to stick to minimum standards while offering others permission to enhance 
programming (and prove competency) as they see fit. By their nature, WSPs are a site-specific drinking 
water management regime (Bartram et al., 2009), as opposed to more common globally or nationally 
standardized compliance monitoring recommendations (WHO, 2018a). A site-specific rather than one-
size-fits-all approach to compliance would require more flexible oversight capacity, but could ultimately 
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lead to greater efficiency and cost savings at the utility level (Hasan & Gerber, 2008; Howard et al., 2005; 
String & Lantagne, 2016).  
Scope of Implications 
Drinking water risk management programs represent a powerful tool in facilitating overall risk 
governance (Pollard et al., 2013). While some findings of this dissertation remain specific to drinking 
water risks, portions may apply to other types of risk management programs at a range of scales. Some 
practitioners choose to integrate WSPs with organization-wide business and financial risk planning (Miller 
et al., 2009), and may ultimately realize more far-reaching benefits of the WSP process (Viljoen, 2010). 
The concept behind drinking water risk management historically originated with processed food safety 
(Gunnarsdottir, Gardarsson, & Bartram, 2012), and has been extended to sanitation safety for wastewater 
or fecal sludge disposal (Jackson, Winkler, Stenström, & Medlicott, 2015), urban drainage (Möderl et al., 
2015), the full urban water cycle (Almeida, Vieira, & Smeets, 2014), buildings such as hospitals (Casini et 
al., 2014; Cunliffe et al., 2011), cruise ships (Mouchtouri, Bartlett, Diskin, & Hadjichristodoulou, 2012), 
and direct potable reuse (Goodwin, Raffin, Jeffrey, & Smith, 2015; US EPA & CDM Smith, 2017). The 
same principles have likewise been widely adapted and applied to handling business, engineering, and 
project management risk (Pollard, Strutt, Macgillivray, Hamilton, & Hrudey, 2004). The International 
Organization for Standardization offers a general standard for any type of industry, called ISO 31000 
(ISO, 2018). As water reuse increases in the future, drinking water safety programs are more likely to 
expand in scope or be combined with other forms of safety planning, such as sanitation and ambient 
waters (Leifels, Manasfi, & Setty, 2018). If done effectively, expansion could help address multiple water-
related hazards under a holistic umbrella.  
Recommendations 
Research 
Circumstances where water systems fail to perform as intended will likely continue to arise, 
requiring ongoing research. WSP research needs may span global-scale theory, regional dissemination, 
or site-specific operational research. Recommendations featured here focus on (a) refinement of 
evaluation methods, (b) clarification of the role of context in implementation and outcomes, (c) 
improvement of data coverage and quality, (d) clarification of monitoring options, (e) direct comparison of 
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costs and benefits, and (f) fruitful collaboration among stakeholders to ensure water safety from the 
source to the point of use. 
Effectiveness research, especially involving spread or scale-up to new settings, would benefit 
from recognizing and reporting these contextual factors, in contrast to the tight control of context desired 
in efficacy studies, such as prospective randomized trials. Overarching evaluation theories or frameworks 
must support this end goal. By applying the CDC’s evaluation framework (Gelting et al., 2012), specific 
WHO evaluation criteria (Kumpel et al., 2018), and a comprehensive audit or evaluation process (WHO & 
IWA, 2015), one can begin to understand changes associated with WSP implementation. While these 
recommended evaluation approaches have been peer-reviewed and are fundamentally sound, the 
knowledge base at present is limited to a handful of country settings and refinement will likely be needed 
over time (e.g., in hard-to-measure categories such as climate adaptation, equity, and socioeconomic 
status of populations served). The logic model that forms the basis of the CDC framework also inherently 
siloes inputs, activities, outcomes, and impacts, whereas site-specific WSP adaptations and context play 
a role in their interconnectivity. Adding complexity, outcomes may proceed at faster or slower paces or 
out of the simplified time order in Figure 1 (e.g., where policy does not align with practice, or the utility 
consistently pursues some goals over others). Contextual variability clearly affects WSP outcomes (Setty 
et al., 2017; Setty, Enault, et al., 2018) and may also influence the measurement approaches used in 
evaluation (Jacobs, Weiner, & Bunger, 2014). 
This complexity can quickly lead to circular, reflexive, or multidirectional causality. While the 
global-scale model for WSP evaluation may benefit from simplicity, the ultimate goal of research 
evaluating WSPs might be to demonstrate how the theoretical causal relationship between inputs and 
outcomes is occurring or not, and what facilitators or enablers practitioners could adjust in a targeted way 
to adapt the intervention to be more effective. That is, each site could be considered individually based on 
its specific process and needs. A site-specific causal model may be required in cases where outcomes 
have not been predictable. In much in the same way, the arrows in a directed acyclic graph or causal loop 
diagram are constructed throughout the research process to help to explain and refine the theoretical 
understanding of causation in epidemiology (Rothman, 2012) and WaSH systems, respectively (Neely, 
2019). Bayesian belief networks similarly represent theoretical connections and directionality to describe 
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how various factors act on one another to influence outcomes. These systems-science approaches may 
help to clarify complexity and identify feedback loops in the system where intervening strategies would be 
most effective (Northridge & Metcalf, 2016).  
Application of a supplementary implementation science framework could help to better decipher 
appropriate strategies for quality improvement. As an example, a location such as location 5 that has 
accomplished water quality improvement but not health improvement (Setty et al., 2017; Setty, Enault, et 
al., 2018) might question why these two outcomes did not proceed hand in hand. Guided by 
implementation theory, structured inquiry (e.g., using qualitative analysis or mixed methods) at narrower 
levels of focus can help to fill in the gaps between the indicator columns and boxes, explaining how 
different seemingly independent changes might be linked or disconnected. A complementary tool (e.g., 
CFIR, Context and Implementation of Complex Interventions [CICI], Expert Recommendations for 
Implementing Change [ERIC], Normalization Process Theory [NPT]) could be combined with or inserted 
into the CDC framework to help identify strategies for overcoming barriers and keep the WSP process 
moving along the logic model’s time arrow toward desired impacts (Figure 1; 1CFIR = Consolidated 
Framework for Implementation Research (Damschroder et al., 2009) 
2ERIC = Expert Recommendations for Implementing Change (Powell et al., 2015) 
3NPT = Normalization Process Theory (C. May, 2013) 
4CICI = Context and Implementation of Complex Interventions (Pfadenhauer et al., 2017) 
Figure 16). Critical to this understanding is differentiation of implementation outcomes (was the 
WSP properly implemented?) versus intervention outcomes (were desired effects achieved?) (Proctor et 
al., 2011), as well as the relationships that link them (e.g., enabling, limiting, neutral; Omar et al., 2017). 
To achieve performance improvement, measuring qualitative changes would be valuable in addition to 
quantitative assessment (Kumpel et al., 2016; Setty, O’Flaherty, et al., 2018), especially when 
quantitative data have recognized flaws. Similarly, narrative reviews may address different types of 
questions to complement the wholesale conclusions of systematic reviews and meta-analyses, which 
tend to emphasize central tendencies over the range of possible outcomes (Dijkers, 2009).  
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1CFIR = Consolidated Framework for Implementation Research (Damschroder et al., 2009) 
2ERIC = Expert Recommendations for Implementing Change (Powell et al., 2015) 
3NPT = Normalization Process Theory (C. May, 2013) 
4CICI = Context and Implementation of Complex Interventions (Pfadenhauer et al., 2017) 
Figure 16. Examples of supplementing steps of the WSP evaluation logic model (Gelting et al., 2012) with 
implementation science concepts to more closely investigate and revise site-specific processes  
Building on expected impacts from the CDC framework (Gelting et al., 2012), this body of 
research and other literature (Allaire et al., 2018) raise several questions related to shortcomings in the 
water monitoring and data systems currently used for public health protection (M. J. Allen, Edberg, 
Clancy, & Hrudey, 2015). These include (a) the time needed to produce longer-term impacts, such as 
health improvement, as well as (b) the data resolution needed to identify a small signal of drinking water–
related disease relative to other dominant transmission methods. Another key question surrounds the 
frequency of monitoring and indicators needed to accurately capture infrequent risky events and measure 
change over time. Though some risks may be obvious and persist for hours or days, Setty, Enault, et al. 
(2018) pointed to intermittent water contamination events that resolved quickly. Without automated online 
monitoring systems, it becomes difficult to attain confidence that even daily data can accurately capture 
risks. For example, most manually collected distribution system data could not be used for statistical 
analysis because resolution was spotty (Setty, Enault, et al., 2018). Follow-up studies should determine 
how much risk stems from the distribution system, relative to other components of water supply (i.e., 
source, treatment, distribution, household), as this area remains understudied.  
Furthermore, when measuring E. coli in chlorinated water, the indicator bacteria may be 
inactivated while a more persistent pathogen such as a virus or parasitic cyst remains viable. Parameters 
such as bacterial counts that frequently result in an “absent” result might suggests the microbial quality 
poses a relatively minimal level of concern, but are difficult to use statistically for assessing quality 
improvement. Thus, overreliance on culture-based methods and targeting of bacterial indicators alone 
may exaggerate water safety (Ashbolt, 2015). These limitations recommend studies involving pre-




















WSPs emphasize microbial monitoring for validation and verification, rather than as a primary barrier 
against risk (Bartram et al., 2009). 
Based on WSP implementation research in the US, some confusion remains about the purpose 
and nature of WSPs, and around the role of different types of monitoring to support risk management 
(Baum et al., 2015; Setty, Heymann, et al., 2018). In particular, US utilities may perceive retrospective 
analysis of compliance indicators through the AWWA Partnership for Safe Water as linguistically akin to 
WSPs, although the purpose and structure differ markedly. Clarification of professional monitoring 
taxonomy is recommended to better highlight the distinct purpose(s) behind different types of monitoring 
(e.g., compliance, operational, public health, long-term modeling). In particular, it should draw the contrast 
between the proactive process monitoring used under HACCP and WSPs, and the retrospective 
compliance monitoring required by most regulatory programs.  
Cost-benefit ratios or return-on-investment are similarly underdeveloped concepts related to 
WSPs, which were of clear importance to stakeholders considering implementation (Setty, McConnell, et 
al., 2019). Long-term financial stability is anticipated to accompany short-term investment in WSP 
implementation (Gelting et al., 2012; Lockhart et al., 2014). Some evidence from low-income countries 
suggest that WSPs can result in cost-savings (Chang, Chong, & Bartram, 2013; Hasan & Gerber, 2008; 
Howard et al., 2005), but additional research comparing costs and benefits would be valuable in high-
income countries, to produce context-specific evidence. Positively, startup costs are likely to decline over 
time as programming becomes embedded (Kayser et al., n.d.; Loret et al., 2016). Collective health 
improvement rather than cost-efficiency is recommended as the common baseline goal of WSPs 
(Summerill, Pollard, & Smith, 2010). Still, explicit consideration of costs within the WSP process has 
successfully been applied in Australia, and such tools could assist advocacy and communication efforts in 
other high-income countries (Setty, McConnell, et al., 2019). For example, fiscal responsibility for water 
utilities in high-income contexts may require tracking changes in employee satisfaction and turnover 
associated with WSPs, which are less obvious costs. More in-depth exploration of cost as a facilitator or 
barrier would help potential implementers discern the timeline and parties to which financial benefits 
accrue. As a starting point, an exemplary cost-benefit analysis in a high-income country could establish a 
method for such comparisons. 
128 
Several new research questions have arisen with regards to expectations of universal access 
under SDG 6, and the JMP’s new service ladders and definition of “safely managed” water. For example, 
monitoring water quality at the tap versus at production remains an area of debate for parameters such as 
lead and microbial indicators, including whether meeting health standards at a household level falls under 
the suppliers’, homeowners’, or another party’s purview. Most likely, the solutions that aid achievement of 
Goal 6 will require collaboration among multiple parties (Jalba et al., 2010, 2014; Koehler, Rayner, 
Katuva, Thomson, & Hope, 2018), and substantive effort (WHO, 2017; WHO & UNICEF, 2017). Global 
WSP scale-up will likely play a role in ensuring progress toward cooperative solutions, but vary in their 
degree of stakeholder involvement. Outlining examples of successful partnerships and tracking 
partnership as a critical component of WSPs could begin to address this issue. 
Practice 
Based on this body of research, practice recommendations include (a) considering the effects of 
context on implementation and scale-up strategies, and (b) ensuring structured and repeated evaluation. 
Many implementation and contextual factors affect complex interventions such as WSPs, and 
consideration of these is recommended to inform decision making (Pfadenhauer et al., 2017). 
Implementation considerations may include the theory, process, strategies, agents and outcomes. For 
example, phone call reminders, checklists, or local “champions” can have a substantial impact on fidelity 
when implementing complex interventions at scale. The US-based research (Setty, McConnell, et al., 
2019) summarized several contextual barriers to uptake, and recommended hybridization of existing and 
new programs to engender trust and positive perceptions. Based on preliminary efforts to assess the 
potential for piloting WSPs in North Carolina (Amjad et al., 2016), many potential adopters remain 
(perhaps wisely) skeptical, and wait to see what evidence and incentives are offered before buying into 
new programming. Thus, boundary science (examining the intersection of science, policy, and practice) 
and science advocacy (e.g., using strategies from implementation theory) may play an important role in 
addressing local contextual factors to facilitate WSP scale-up (Cash et al., 2003; Rogers, 2003).  
A multi-pronged implementation prioritization strategy (e.g., for a given water supplier or 
geographical area) might roll out WSPs across the “low-hanging fruit” (those locations where WSP 
implementation would be quickest and easiest), the “worst offenders” (locations with a track record of 
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water quality or delivery issues, where the intervention might be most beneficial), and ultimately all 
locations in between. Grouping priority implementation sites geographically could facilitate in-person 
support, which makes it easier for implementers to carry out a new program. Further, scaling up among 
an already-connected network of utilities may reduce the costs and time needed to implement WSPs, due 
to the benefit of accessible peer support (Kayser et al., n.d.). In general, surface water sources might be 
prioritized as more susceptible to contamination than groundwater sources (Setty et al., 2017; Setty, 
Enault, et al., 2018), although this rule of thumb depends on the hydrologic setting and watershed uses. 
Contrary to the hypothesis that most contamination occurs in the distribution system, the evaluation study 
at location 5 full and partial WSP sites demonstrated greater improvement from investment in the 
treatment plant (Setty et al., 2017). Funding resources and other constraints may limit feasible risk 
mitigation options (Setty, McConnell, et al., 2019). 
Importantly, income level is not synonymous with capacity, which also encompasses human 
resources, institutional, social/political, and technical issues (Lebel & Reed, 2010). The US example 
highlights the difficulty of creating capacity given contextual and cultural factors in one high-income 
country (Amjad et al., 2016; Baum et al., 2015; Setty, McConnell, et al., 2019). A number of case studies 
and reviews have identified enabling environment factors that contribute to successful WSP 
implementation (Baum & Bartram, 2018; Gunnarsdottir, Gardarsson, & Bartram, 2012; Kot et al., 2015; 
String & Lantagne, 2016; Summerill, Pollard, et al., 2010). These include external financial support; 
guidelines, regulations, tools and resources; support from public health agencies, frequent internal and 
external audits; a working WSP steering group; good understanding of the WSP among staff; and a 
training plan, especially for field workers (Baum & Bartram, 2018; Gunnarsdottir, Gardarsson, & Bartram, 
2012; Kumpel et al., 2016). In accordance, research across five countries suggested future WSP 
implementation could benefit from a database of hazards and control measures, support from senior 
management, and access to education and training programs (Kayser et al., n.d.; Loret et al., 2016). 
Ferrero et al. (2019) recommended assessing shifts in capacity at regular intervals (e.g., before and after 
training, when formally certifying competency). Because staff and budgets change (Setty, Heymann, et 
al., 2018), permanently embedding these enabling factors to the extent possible would help to avoid 
performance slippage and promote sustainment of risk management programming. 
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Whether done at an intensive or small scale, the success of WSPs relies on a basic shift in 
mentality toward proactive planning and thoughtful iteration. Investment largely comes in the form of staff 
time (Loret et al., 2016), which can be adjusted to meet a utility’s needs and schedule. Some utilities may 
already have program components in place that could be connected under a common framework (Baum 
et al., 2015). Even a very short time period of critical reflection involving knowledgeable staff can 
effectively improve a utility’s risk awareness, although it would ideally be followed by more consistent 
activity to build out and maintain the program. The final validation and quality improvement steps are 
critical to WSP success, because “only a locally adapted evidence-based approach allows assessment of 
the efficacy and disadvantages of the control measures” (Casini et al., 2014). Since such analyses (e.g., 
Setty et al., 2017) can require a good deal of technical sophistication and time, users would benefit from 
freely available and user-friendly data collection, visualization, and decision-support tools within the suite 
of guidance offered by WHO (Ferrero et al., 2019; Setty, O’Flaherty, et al., 2018). To integrate these tools 
with existing practices, they could be associated with the WSP auditing guide (WHO & IWA, 2015) or 
Excel-based quality assurance tool (WHO & IWA, 2011). Data paucity might be met with the 
precautionary principle (Löfstedt, 2003), assuming risk is present until proven otherwise, or flagged for 
watchful waiting (Setty, McConnell, et al., 2019). 
Policy 
Policy recommendations include (a) regular and structured communication among scientists, 
practitioners, policymakers, and other stakeholders; and (b) transparency around the meaning and 
limitations of evidence for informing decisions.    
As demonstrated by the 2004 WHO Guidelines for Drinking Water Quality (WHO, 2004) and more 
recent changes to the European Union Drinking Water Directive (European Parliament & Council, 2018), 
awareness is increasing that retroactive compliance monitoring is insufficient to protect human health. 
This international pressure may be behind increased adoption of policies on drinking water risk 
management at the state and regional level (Baum & Bartram, 2018; WHO & IWA, 2017). On one hand, 
regulations and recommendations from trusted government and professional authorities create an 
enabling environment (Mercer & Bartram, 2011; WHO & IWA, 2010), but they can also limit expected 
effort and regulatory authority (Gullick, 2014; Setty, McConnell, et al., 2019). Once regulatory systems are 
131 
entrenched, it can be difficult to de-implement existing practices and shift gears (Amjad et al., 2016; Colla, 
Mainor, Hargreaves, Sequist, & Morden, 2017). Scientific research may change what we know about 
policy effectiveness; however, reversals of former policy recommendations are often difficult to advocate, 
issue, receive, and implement. Policies set in place tend to remain in place through multiple renewal 
cycles, whether or not a changing body of evidence supports them. This phenomenon is evident in US 
drinking water regulations, which have largely maintained the same list of priority contaminants since the 
1970s (Institute of Medicine, 2004). For these and other reasons, both policy and practice often lag 
behind scientific discovery (Nutley et al., 2007). Rather than bemoaning this reality, we should seek to 
build structured lines of communication and partnership to ensure windows of opportunity more frequently 
align between science, policy, and practice (Rose et al., 2017). 
Evidence synthesis and application at the science-policy interface realistically relies most heavily 
on regular, structured, and inclusive communication (Cash et al., 2003; Gupta, 2014; Huberman, 1994; 
Nutley et al., 2007; Weichselgartner & Kasperson, 2010). Cash et al. (2012) described best practices of 
boundary institutions and personnel (who maintain skills at the interface of diverse specializations) to 
include communication, translation, and mediation, which should be active, iterative, and inclusive. These 
needs may stem from the way professionals tend to seek information from known and accessible sources 
(Setty, Willetts, Jimenez, Leifels, & Bartram, 2019). Participatory policy development methods have 
become increasingly common in recent years, with the SDGs as an excellent example of collaborative 
and iterative goal creation (UN General Assembly, 2015). Still, inclusive planning is not applied in all 
cases (Setty, Willetts, et al., 2019), leaving room for improvement. Being human, scientists tend to 
overlook the less-tangible long-term benefits of broad stakeholder communication in favor of immediate 
requirements such as meeting project deliverables, publishing, and applying for funding. Policy makers 
often have a different set of imminent priorities. This most acutely affects downward accountability, in the 
case of WSPs to the populations that could benefit from safer drinking water. Even in an antagonistic 
environment, increased interaction between researchers and others (with proper facilitation) appears to 
enhance research use (Nutley et al., 2007). In addition, some program implementation strategies could 
be useful for addressing the political context (Powell et al., 2015). Perhaps the simplest way to improve 
translation of science into policy and practice is to regularly create time and space for interpersonal 
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interaction among scientists, practitioners, policymakers, and others. Active facilitation of discussions 
(e.g., by a neutral party or network) can spur collaborative behavior and create opportunities for positive 
interaction. 
The quality and applicability of “evidence” to inform policy may vary widely. Often, peer-reviewed 
scientific literature is the first thing that comes to mind to a scientist. Within this category, the scientific 
community often assigns fault to weak study design, lack of replication, or poor communication of 
findings. In public health and particularly WaSH fields, many of these apparent faults could stem instead 
from ignorance of context, or a paucity of funding relative to clinical medicine (Rehfuess & Bartram, 2014; 
Teutsch et al., 2012). Controlled trials are rare in environmental health research, and challenged by the 
difficulty of blinding environmental interventions (WHO, 2018b). Effect sizes may be reduced due to 
shortcomings in implementation fidelity (WHO, 2018b). Furthermore, evidence from sources such as 
participatory community input may not be viewed in the same light as expert recommendations, 
contributing to perpetuation of health inequities (Kemmis, McTaggart, & Nixon, 2016). An improved 
understanding of evidence quality might nest scientific quality and rigor as one component within a 
framework considering multiple contextual constructs and potential information sources (Alonso-Coello et 
al., 2016). While prospective experimental designs (e.g., randomized controlled trials, stepped-wedge 
designs) are still highly recommended for evaluating complex interventions where possible (Craig et al., 
2013), this stance places more importance on the effort to gather the best available information from as 
many sources as possible, rather than taking decisions only when ample evidence of optimal quality 
becomes available. 
Some debate centers on the merits of using evidence to devise policy (Greenhalgh, Howick, & 
Maskrey, 2014; Young, Ashby, Boaz, & Grayson, 2002). Despite many adherents and an abundance of 
rhetoric, evidence-based practices have often resulted in mixed outcomes (Nutley et al., 2007). Complex 
interventions that mix multiple evidence-based strategies are inherently heterogeneous, complex, and 
instable (Hamilton & Mittman, 2017). In a chaotic system like the “real world,” it may be impossible to fully 
capture this complexity, even with detailed models and highly structured research. The wording 
“evidence-based” may in fact be a misnomer based on modern theory, which lends preference rather to 
“evidence-informed” practice (Nutley et al., 2007; Rabin & Brownson, 2017). This alternative language 
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considers the balance between evidence and the supplemental value of experience and practice. Given 
our limited decision-making abilities as human instruments, subconscious heuristics can mislead us into 
recognizing inappropriate solutions (Tversky & Kahneman, 1974), such that the structured and 
transparent scientific inquiry remains indispensable. For example, effective partnerships and mixed 
methods can support integration of alternative “ways of knowing” with quantitative research results 
(Fetters et al., 2013; Morse, 2003). Structured and transparent decision processes (e.g., Alonso-Coello et 
al., 2016) may lend a hand, particularly to widen consideration of context and document how consensus 
is achieved, but (as mentioned above) have some drawbacks when considering the specific challenges to 
WaSH research (Kogevinas, 2017). WaSH professionals may not get it right the first time, but must 
attempt to achieve learning and retain sector memory. That is, we must collectively strive to perfect the art 
of making an effort, learning from our mistakes, and trying again in a better way. 
 
134 
APPENDIX A: METHODOLOGICAL DETAIL FOR MEASURING WATER QUALITY, COMPLIANCE, 
AND HEALTH OUTCOMES 
Table 22. Criteria for selection of paired comparison areas at locations 1, 3, and 5 
Study location Comparison area selection criteria 
Locations 1 
and 3 
 Geographical proximity (same metropolitan area) 
 Accessibility of water quality and health data over the study period  
 Sufficient population (minimum of the same order of magnitude as the 
intervention area) 
 Status of WSP implementation (municipality not served by an ISO22000-
certified drinking water treatment facility or distribution network) 
 Same (preferred) or similar water source 
 Similar water treatment scheme 
Location 5  Geographical proximity (same metropolitan area) 
 Accessibility of water quality and health data over the study period (required 
consent of one non-Suez utility to participate) 
 Sufficient population (minimum of 60,000 inhabitants) 
 Status of WSP implementation (municipality not served by an ISO22000-





Table 23. Detection limits for left- and right-censored data applicable to monitoring equipment/test 
procedures used during the study period and data cleaning procedures 











E. coli <1/100 ml set 
to 0 
-- Pres/100ml set to 1; 
Abs/100ml set to 0; 
Blanks set to missing (2 
values) 
-- 
Fecal Streptococci <1/100 ml set 
to 0 
-- -- -- 
Total coliform <1/100 ml set 
to 0 
-- Pres/100ml set to 1; 
Abs/100ml set to 0; 
>2400 set to 2400; blanks 
set to missing (2 values); 
4 values with decimal 
places rounded to 




<1/ml set to 0 -- <1/ml set to 0; >300/ml 
set to 300 (one value) 
-- 
Trihalomethanes <1 µg/l set to 0 -- <2, <3.5, <4 µg/L set to 1, 
1.75, 2 
-- 
Bromate <1 µg/l set to 0 -- <0.5, <1.5, <2, <7.5, <10 
µg/l set to 0, 0.75, 1, 
3.75, 5 
-- 
Free chlorine <0.01 mg/l set 
to 0 
<0.01 mg/l 
set to 0 
<0.1, <0.15, <0.2 mg/l set 
to 0 
<0.10 mg/l 
set to 0 
Total chlorine <0.01 mg/l set 
to 0 
-- <0.05, <0.10, <0.2 mg/l 
set to 0 
-- 
Aluminum <0.005 mg/l set 
to 0 
-- <20, <25 µg/l set to 10, 
12.5 
-- 
Total organic carbon <0.2 mg/L set 
to 0 
-- <1 mg/l set to 0 <0.2 mg/l set 
to 0 
Turbidity <0.1 NTU set to 
0 
<0.02 NTU 
set to 0 
<0.10, <0.20 NTU set to 0 <0.015, 
<0.10, <0.20 
NTU set to 0 
pH All values 
within range 
-- All values within range -- 
Trichloroethylene + 
tetracholorethylene 
-- -- <0.5, <0.6, <1 µg/l set to 
0 
-- 
Nickel -- -- <1,<4,<5,<8 µg/l set to 0, 
2, 2.5, 4 
-- 
Chromium VI -- -- -- <10 µg/l set 
to 5 






APPENDIX B. RESULTS DETAIL FOR WATER QUALITY, COMPLIANCE, AND HEALTH OUTCOMES 
Table 24. A comparison of median water quality values (based on manually collected treated water samples) 
for each parameter across intervention locations prior to WSP implementation 
Parameter Unit 













E. coli MPN/100ml 0 0 0 0 0 0 
Fecal 
Streptococci 
MPN/100ml 0 0 0 0 -- -- 
Total coliform MPN/100ml 0 0 0 0 0 0 
HPC2 (22°C) MPN/ml 0 0 1 1 1 0 
Trihalomethanes µg/l 12.70 11.25 3.25 -- 106.30 50.55 
Bromate µg/l 0 0 0 0 2.40 -- 
Free chlorine mg/l 0.17 0.34 0.07 0.05 0.63 0.53 
Total chlorine mg/l 0.23 0.40 0.11 0.05 0.71 0.80 
Aluminum mg/l 0.011 0.026 0.007 0.069 0.045 0.070 
Total organic 
carbon 
mg/l 1.103 1.10 0.58 0.80 1.80 2.10 
Turbidity NTU 0 0.06 0.10 0.10 0.31 0.21 
pH pH units 7.36 7.58 7.40 8.185 7.445 7.69 
1Differing baseline water quality among sites may be attributable to variation in source water and treatment schema 
2HPC = heterotrophic plate count 
Table 25. All reported significant events occurring during the study period (prior to, during, and after WSP 
implementation) at each intervention location 
Location Date Event 
1 2010 Merger with company on opposite side of river 
July 2010 Ultrafiltration installed 
1 Jan 2011 WSP implementation begins 
31 Oct 2011 WSP implementation ends 
2011–2013 Interim plant manager 
Dec 2015 – 
Jan 2016 
Replaced ultrafiltration membranes to reduce breakage/cut down on bench 
testing 
2 1 Jan 2006 WSP implementation begins 
31 Mar 2007 WSP implementation ends 
2007 Replacement of sand filtration with GAC filtration at one surface water 
plant 
2010 UV treatment installed at one of three surface water plants 
2011 UV treatment installed at another of the three surface water plants 
3 2008 Renovation of distribution system (including replacement of main pipe) 
2007–2009 HACCP planning on production sites 
2009 Gasoline spill at supermarket resulted in legal suits 
2010 HACCP planning on the distribution network 
2011 Perchlorate contamination event (one water source discontinued) 
2011 Several upgrades implemented, including:  
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 Chlorine dioxide and chlorine and UV disinfection added before 
chlorine and GAC filtration to reinforce disinfection capacity); 
previously discarded water when turbidity was high  
 Online sensors added to network 
 Water batch isolation 
13 Nov 2012 WSP implementation begins 
20 Dec 2013 WSP implementation ends 
2014 Flood event spikes total organic carbon (treatment stopped; water did not 
reach consumers) 
4 1 Jan 2007 WSP implementation begins 
2007–2008 Several upgrades implemented, including: 
 Adaptation of ozonation to limit bromate formation 
 Monitoring station installation upstream of the water intake and 
batch reservoir  
 Emergency interconnection with other treatment plants 
31 Mar 2008 WSP implementation ends 
5 1 Jan 2008 WSP implementation begins 
2008 Severe drought 
Sept–Oct 
2009 
Gradual commissioning of reverse osmosis membranes 
31 Dec 2009 WSP implementation ends 
2010–2011 Improvements in sand filtration (post coagulation with ferric chloride) to 
address aluminum 
Early 2013 Low water availability 
May 2013 Replacement of all the sand filter beds 
2013 Replacement of ultrafiltration membranes 
Oct 2013 – 
Feb 2014 
Switch to groundwater sources only due to dioxin contamination of surface 
water by wastewater treatment plant 
2013–2014 Raw water pH adjustment to optimize coagulation with aluminum sulfate 
2014 Replacement of reverse osmosis membranes began 
2014 Improvements to water mixing step before division into two treatment lines 
(increased amount treated by ultrafiltration/reverse osmosis) 
2013–2015 Adjustment of the ozone treatment to minimize formation of bromides 
2015 Decrease use of chlorine dioxide in the pretreatment step 
Oct–Dec 2015 Switch to groundwater sources only due to dioxin contamination of surface 




Table 26. Utility managers’ expectations of change at each location (“Should the water quality parameter 
increase, decrease, or stay the same following WSP implementation?”) 
Parameter Location 1 Location 2 Location 3 Location 4 Location 5 
(full/partial) 
E. coli same same same same same 
Fecal Streptococci same same same same -- 
Total coliform same same same same same 
Heterotrophic plate 
count (22°C) 
same same same same same 
Trihalomethanes decrease same same -- decrease 
Bromate same same same decrease increase 
Free chlorine same same same same same 
Total chlorine decrease same same same same 
Aluminum same same same same decrease 
Total organic carbon decrease same same same decrease 
Turbidity decrease same same same decrease 
pH same same same same same 
 
Table 27. Minimum, maximum, and mean water quality values before and after WSP implementation, along 
with the number of samples, direction/magnitude of change, variance ratio, and raw and adjusted p-value for 



































0 -- -- -- -- 












0 -- -1.40 1.000 1.000 




0.002 --    
Total coliform 
(MPN/100ml) 






-2.30 0.094 0.658 














-7.083 3.54 -1.01 0.085 0.595 




-0.971 2.08    




-1.145 1.40 -4.81 0.100 0.658 




2.911 1.07    
Bromate 
(µg/l) 




1.244 -- 14.811 <0.001 <0.001* 
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0.647 1.54    
Free chlorine 
(mg/l) 




0 1.33 -0.047 0.810 1.000 




0.046 1.50    
Total chlorine 
(mg/l) 




0.032 23.05 -0.218 0.259 1.000 




0.245 398.57    
Aluminum 
(mg/l) 




0.001 -- -0.016 <0.001 <0.001* 




0.016 --    
Total organic 
carbon (mg/l) 













-0.227 2.40    
Turbidity 
(NTU) 




-0.095 12.85* -0.106 0.280 1.000 




0.005 1.70    




0.211 2.00 0.222 <0.001 <0.001* 




-0.003 1.20    
1Tobit regression was used with highly censored data sets. 
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Table 28. Minimum, maximum, and mean water quality values before and after WSP implementation, along 
with the number of samples, direction/magnitude of change, variance ratio, and raw and adjusted p-value for 












































0 -- -- -- -- 
Total coliform 
(MPN/100ml) 












0.004 1.32 0.294 0.082 0.328 




-3.464 1.06 -3.464 0.006 0.024* 




-0.508 3.40 -0.7391 0.307 1.000 
Free chlorine 
(mg/l) 




0.046 5358.67 0.046 0.311 1.000 
Total chlorine 
(mg/l) 




0.005 1.00 0.005 0.429 1.000 
Aluminum 
(mg/l) 




0.001 -- 0.000 0.965 1.000 
Total organic 
carbon (mg/l) 




-0.058 1.12 -0.057 0.257 1.000 




-0.003 8.00 -0.003 0.065 0.260 




0.086 2.92 0.086 0.126 0.504 
1Tobit regression was used with highly censored data sets. 
Table 29. Minimum, maximum, and mean water quality values before and after WSP implementation, along 
with the number of samples, direction/magnitude of change, and raw and adjusted p-value for model 




































0.793 -- -- -- -- 












0.182 -- -- -- -- 













1.124 42550 7.07 <0.001 <0.001* 












45.767 33.25 2.09 0.019 0.019* 




-5.864 2.71    




1.625 1.65 1.392 0.275 0.275 
Bromate 
(µg/l) 




0 -- -- -- -- 
Free chlorine 
(mg/l) 




0.102 301.1 0.109 0.422 0.422 




-0.015 1.50    
Free chlorine 
(sensors) 




0.015 3.00 0.0152 <0.001 <0.001* 
Total chlorine 
(mg/l) 




0.001 1.40 0.029 0.289 0.289 




-0.007 3.00    
Aluminum 
(mg/l) 




-0.002 -- -0.002 0.305 0.305 




0.001 --    
Total organic 
carbon (mg/l) 




0.243 1.18 0.199 0.069 0.069 




0.121 5.5    
Turbidity 
(NTU) 




0.097 9.99 0.185 0.058 0.058 




-0.088 6.50*    
Turbidity 
(sensors) 




0.054 1.06 0.0552 <0.001 <0.001* 




-0.013 1.21 0.031 0.256 0.256 




-0.036 1.29    
1Data sets are from manual water samples unless otherwise noted as coming from online sensors. 




Table 30. Minimum, maximum, and mean water quality values before and after WSP implementation, along 
with the number of samples, direction/magnitude of change, and raw and adjusted p-value for model time 










































-0.003 -- -- -- -- 
Total coliform 
(MPN/100ml) 












-7.008 28.02* -1.120 <0.001 <0.001* 




-0.803 1.37 -0.257 0.619 1.000 
Free chlorine 
(mg/l) 




0.013 1.15 0.022 0.002 0.006* 
Total chlorine 
(mg/l) 




0.036 15.15 0.042 0.013 0.039* 
Aluminum 
(mg/l) 




0.028 -- -0.030 <0.001 <0.001* 
Total organic 
carbon (mg/l) 




-0.016 2.64 -0.017 0.808 1.000 




-0.037 1.14 -0.036 0.003 0.009* 




-0.030 1.22 -0.118 <0.001 <0.001* 
 
Table 31. Minimum, maximum, and mean water quality values before and after WSP implementation, along 
with the number of samples, direction/magnitude of change, and raw and adjusted p-value for model 

































-0.002 -- -- -- -- 




0.001 -- -- -- -- 




0 --    
Total coliform 
(MPN/100ml) 




2.761 1502.9 -- -- -- 




0.151 2760.4 -- -- -- 














-16.926 153.8* -3.083 0.031 0.062 




0.188 2.68 -0.596 0.707 1.000 




715.6 32.00    






46.71* -96.168 <0.001 <0.001* 




0.918 1.74 5.124 0.253 0.759 




-9.121 1.43    




2.257 3.43 2.263 <0.001 <0.001* 
(partial) 71 100% -- 4.940 
(0.254) 
-- -- -- -- -- 




0 --    
Free chlorine 
(mg/l) 




-0.009 -- -0.072 0.079 0.158 




-0.032 1.23 -0.096 0.004 0.012* 




0.083 1.11    
Free chlorine 
(sensors) 




-0.175 1.44 -0.1753 <0.001 <0.001* 
Total chlorine 
(mg/l) 




-0.079 1.32 -0.022 0.681 1.000 




-0.028 1.34 0.028 0.552 1.000 




-0.057 11.00    
Aluminum 
(µg/l) 




-17.693 1.72 -21.070 0.121 0.242 




-11.402 1.92 -14.863 0.319 0.957 




2.519 2.32    
Total organic 
carbon (mg/l) 




-0.979 1.06 -1.067 <0.001 <0.001* 




0.245 1.74 0.157 0.428 1.000 












-1.842 3.14 -1.8423 <0.001 <0.001* 
Turbidity 
(NTU) 




-0.207 2.18 -0.234 <0.001 <0.001* 




-0.115 1.18 -0.143 0.011 0.033* 
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0.032 10.81    
Turbidity 
(sensors) 




-0.137 813.75 -0.1383 <0.001 <0.001* 




-0.035 1.27 -0.219 <0.001 <0.001* 




-0.106 1.81 -0.289 <0.001 <0.001* 




0.181 1.84    
1Data sets are from manual water samples unless otherwise noted as coming from online sensors. 
2The full WSP applied to both the production and distribution system; the partial WSP applied to the distribution 
system only. 
3Where comparison data sets were not available, the beta reported is for time only. 
 
Table 32. Detailed results of compliance analysis involving relevant internal and external thresholds 
























1 E. coli Prod/Dist >0 MPN/ 
100ml 
EU and French 
quality limit 
0% 0% -- -- 
Total coliform Prod/Dist >0 MPN/ 
100ml 
EU and French 
quality limit 
1.17% 0.14% 673F 0.019 
(0.038)* 
THMs Production >30 µg/l more 
than 10% of 
the time  
WSP operational 
limit 
0% 0% -- -- 
Production ≥50 µg/l Suez internal 
recommended 
practice for plant 
outlet 
0% 0% -- -- 
Distribution >100 µg/l EU and French 
quality limit for 
network 
0% 0% -- -- 
Bromate Prod/Dist >10 µg/l  EU and French 
quality limit 
0% 0% -- -- 
Aluminum Prod/Dist >200 µg/l EU and French 
quality reference 
0% 0% -- -- 





0% 0% -- -- 
Turbidity  Production >0.5 NTU French quality 
reference for 
plant outlet 
1.03% 0.55% 192F 1.000 
(1.000) 
Production >1 NTU French quality 
limit for plant 
outlet 
0% 0% -- -- 
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Distribution >2 NTU French quality 
reference for tap 
4.04% 0.98% 309F 0.020 
(0.040)* 
pH Prod/Dist <6.5 or >9 pH 
units 
EU and French 
quality limit 
0% 0% -- -- 
2 E. coli Production >0 MPN/ 
100ml 
EU and French 
quality limit 
0% 0% -- -- 
Total coliform Production >0 MPN/ 
100ml 
EU and French 
quality limit 
0% 0.09% 3188F 0.203 
(1.000) 
THMs Production ≥50 µg/l Suez internal 
recommended 
practice for plant 
outlet 
0% 0.21% 56F 1.000 
(1.000) 
Bromate Production >10 µg/l  EU and French 
quality limit 
0.68% 0.29% 145F 0.435 
(1.000) 
Free chlorine Production ≤0.05 or ≥0.7 WSP critical limit 0.03% 0.02% 3202F 1.000 
(1.000) 
Aluminum Production >200 µg/l EU and French 
quality reference 
0% 0.03% 674F 1.000 
(1.000) 
Production >100 µg/l   Suez internal 
recommended 
practice 





Production >2 mg/l French quality 
reference 
0.08% 0.03% 1224F 0.505 
(1.000) 
Turbidity Production >0.5 NTU French quality 
reference for 
plant outlet 
0.04% 0.26% 2776F 0.025 
(0.225) 
Production >1 NTU French quality 
limit for plant 
outlet 
0% 0.07% 2777F 0.349 
(1.000) 
pH Production <6.5 or >9 pH 
units 
EU and French 
quality limit 
0% 0% -- -- 
3 E. coli Prod/Dist >0 MPN/ 
100ml 
EU and French 
quality limit 
0% 0.73% 224F 0.504 
(1.000) 
Total coliform Prod/Dist >0 MPN/ 
100ml 
EU and French 
quality limit 
0.44% 2.19% 224F 0.135 
(0.810) 
THMs Production ≥50 µg/l Suez internal 
recommended 
practice for plant 
outlet 
0% 0% -- -- 
Distribution >100 µg/l EU and French 
quality limit for 
network 
0% 0% -- -- 
Free chlorine Production 
(sensors) 
<0.05 mg/l WSP critical limit 
for chlorination 
7.53% 2.81% 4783C <0.001 
(<0.001)* 
Aluminum Prod/Dist >200 µg/L EU and French 
quality reference 
0% 0% -- -- 
Prod/Dist >100 µg/L   Suez internal 
recommended 
practice 
0% 0% -- -- 
Total organic 
carbon 
Prod/Dist >2 mg/l French quality 
reference 











4.72% 4.73% 0.0004C 0.983 
(1.000) 
Production >0.5 NTU French quality 
reference for 
plant outlet 
2.38% 0% 41F 0.452 
(1.000) 
Production >1 NTU French quality 
limit for plant 
outlet 
0% 0% -- -- 
Distribution >2 NTU French quality 
reference for tap 
0.65% 1.23% 154F 1.000 
(1.000) 
pH Prod/Dist <6.5 or >9 pH 
units 
EU and French 
quality limit 
0% 0% -- -- 
4 E. coli Prod/Dist >0 
MPN/100ml 
EU and French 
quality limit 
0.13% 0.21% 797F 1.000 
(1.000) 
Total coliform Prod/Dist >0 
MPN/100ml 
EU and French 
quality limit 
0.78% 1.02% 0.47C 0.495 
(1.000) 
Bromate Prod/Dist >10 µg/l  EU and French 
quality limit 
13.11% 4.55% 8.24C 0.004 
(0.040)* 





14.79% 7.65% 11C 0.001 
(0.010)* 
Production <0.15 mg/l WSP operational 
limit 
(groundwater) 
44.83% 55.70% 1.01C 0.316 
(1.000) 
Production <0.1 mg/l WSP critical limit 
(surface water) 
2.57% 2.19% 0.13C 0.718 
(1.000) 
Production <0.05 mg/l 
*simplified 
WSP critical limit 
(groundwater) 
6.90% 18.99% 27F 0.149 
(1.000) 
Aluminum Prod/Dist >200 µg/l EU and French 
quality reference 
0.28% 0% 721F 0.078 
(0.780) 
Prod/Dist >100 µg/l   Suez internal 
recommended 
practice 




Production >2 mg/l French quality 
reference 
0% 1.79% 172F 0.107 
(1.000) 
Turbidity Production >0.5 NTU French quality 
reference for 
plant outlet 
2.84% 4.12% 1.03C 0.309 
(1.000) 
Production >1 NTU French quality 
limit for plant 
outlet 
0.28% 1.15% 351F 0.270 
(1.000) 
Distribution >2 NTU French quality 
reference for tap 
0.12% 0.12% 814F 1.000 
(1.000) 
pH Prod/Dist <6.5 or >9 pH 
units 
EU and French 
quality limit 




E. coli Prod/Dist >0 MPN/ 
100ml 
EU and Spanish 
quality limit 
0.24% 0% 822F 0.500 
(1.000) 
Total coliform Prod/Dist >0 MPN/ 
100ml 
EU and Spanish 
quality limit 




THMs Production ≥50 µg/L  Suez 
recommendation 
for plant outlet 
(in France) 
94.92% 0.32% 4217C <0.001 
(<0.001)* 
Distribution >100 µg/l  EU and Spanish 
quality limit for 
network 
84.21% 0% 6F <0.001 
(<0.001)* 
Bromate  Prod/Dist >10 µg/l  EU and Spanish 
quality limit 
2.82% 4.14% 69F 1.000 
(1.000) 






7.04% 6.59% 66F 0.808 
(1.000) 
Free chlorine Distribution >1 mg/l Spanish quality 
limit in network 




<0.5 mg/l Catalunya/ WSP 
operational limit 







critical limit for 
chlorination 
0.13% 0.06% 35.9C <0.001 
(<0.001)* 
Total chlorine 
Distribution >2 mg/l Spanish quality 
limit in network 
0.06% 0% 3372F 1.000 
(1.000) 
Aluminum Prod/Dist >200 µg/L EU and Spanish 
and regional 
quality limit 















≥1 NTU  
*simplified 






>0.5 NTU Spanish quality 
reference 




>1 NTU  EU and Spanish 
quality limit for 
plant outlet 




Distribution >5 NTU Spanish quality 
limit 
0.13% 0% 771F 0.485 
(1.000) 
pH Prod/Dist <6.5 or >9.5 
pH units 
EU and Spanish 
quality limit 




Production <550 mg I2/g WSP operational 
level for granular 
activated carbon 
-- 20.56% -- -- 
Production <400 mg I2/g WSP critical 
level for granular 
activated carbon 
-- 9.25% -- -- 
Nickel Production >20 µg/L EU and Spanish 
quality limit (for 
tap) 
0.43% 0% 1400F <0.001 
(0.002)* 
Chromium VI Production >50 µg/L EU and Spanish 
quality limit 
0% 0% -- -- 
Trichloro-
ethylene + 
Production >10 µg/L EU and Spanish 
quality limit 








E. coli Distribution >0 MPN/ 
100ml 
EU and Spanish 
quality limit 
0% 0.09% 826F 1.000 
(1.000) 
Total coliform Distribution >0 MPN/ 
100ml 
EU and Spanish 
quality limit 
0.48% 1.11% 822F 0.147 
(0.882) 
THMs Distribution >100 µg/l  EU and Spanish 
quality limit for 
network 
0% 1.02% 40F 1.000 
(1.000) 
Bromate  Distribution >10 µg/l  EU and Spanish 
quality limit 
0% 0% -- -- 
Free chlorine Distribution >1 mg/l Spanish quality 
limit in network 
0.35% 0.33% 0.05C 0.827 
(1.000) 
Total chlorine 
Distribution >2 mg/l Spanish quality 
limit in network 
0% 0% -- -- 
Aluminum Distribution >200 µg/L EU and Spanish 
and regional 
quality limit 
0% 1.04% 45F 1.000 
(1.000) 
Turbidity Distribution >5 NTU Spanish quality 
limit 
0.12% 0.09% 825F 1.000 
(1.000) 
pH Distribution <6.5 or >9.5 
pH units 
EU and Spanish 
quality limit 
0% 0% -- -- 
1Some thresholds were simplified to enable comparison with historical data. Self-reported records might differ based 
on the application of time duration, repeat sampling, or equipment validation procedures.  
2Both raw and adjusted p-values are shown. 
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APPENDIX D: EXTERNAL UTILITY INTERVIEW GUIDE FOR COMPARATIVE EVALUATION OF RISK 
MANAGEMENT FRAMEWORKS AND TOOLS 
Background: This questionnaire is being administered for a Water Research Foundation-sponsored 
project called “Evaluation of Risk Management Frameworks and Tools and Their Application for 
Managing Source Water Risks in the United States.” The research project is being conducted by Corona 
Environmental Consulting and the Water Institute at The University of North Carolina, Chapel Hill (UNC). 
We are gathering information on past experiences with source water risk management approaches from a 
few international drinking water utilities to help us evaluate program options for the U.S. Your participation 
is voluntary, and the information you share is considered confidential, so your name will not be used in 
summary reports. Notes from any follow-up communications will only be shared with members of the 
research team. If you have any questions or concerns, you may contact [name and contact method]. 
Water System: The first section is just to get some background information about your utility.  
1. Please briefly describe the nature of your utility (e.g., municipal, special district, private, 
regional, wholesale, retail). 
2. How many people are employed by the utility? 
3. How many people are served by the utility (e.g., population or service connections)?  
4. About how much drinking water do you provide (e.g., annual average demand, seasonal 
range)? 
5. What are the sources of water supply used by the utility?  
a. Are they primarily surface water, groundwater, or groundwater under the influence of 
surface water? 
6. What are the primary land uses in the watershed (e.g., forested, cropland, rangeland, 
residential [urban, suburban, rural], commercial, industrial)? 
7. What are the greatest source water problems or challenges your utility faces? 
Development of Risk Management Plan, Program, or Framework: The next section is about how your 
risk management program came about. 




2. Which risk management framework(s) is/are currently in use by your utility? (e.g., Water Safety 
Plans, ISO 22000, AWWA G300-14, AWWA J100-10, HACCP, Techneau, Australian 
Standard/New Zealand Standard 4360:2004 or ISO 31000:2009, Australian Drinking Water 
Guidelines) 
3. Which components of your system are covered (e.g., source water, treatment, distribution)? 
4. What was the timeline for development and implementation of the plan, program, or framework? 
5. What departments or groups at your utility participated in the development of the plan, program, 
or framework? 
a. Was there a specific person charged with championing the plan, or a committee, or 
another entity? 
b. How was the program supported by organizational leadership? 
6. Which external stakeholders participated in development of the plan, program, or framework? 
7. What percentage of time is spent by employees to support the risk management program? 
Risk Identification: The next section asks about how you identified different risks to your source waters. 
1. What approaches, methods, or tools were used to identify source water risks or hazards? 
2. What types of source water risks or hazards were considered? 
3. Were problematic data gaps or uncertainties encountered during source water risk or hazard 
identification? 
a. How much of a challenge did this pose?  
b. How were they addressed? 
4. How did you balance between existing issues and issues that could potentially strike in the 
future? 
Risk Analysis and Evaluation: Next, we will go over how you reviewed and evaluated the identified 
potential hazards. 
1. What approaches, methods, or tools have been used to analyze and evaluate source water 
risks… 




b. …to assess the consequences if these risks did occur? 
c. …to summarize and prioritize the results? 
2. Were problematic data gaps or uncertainties encountered during source water risk analysis and 
evaluation? 
a. How much of a challenge did this pose?  
b. How were they addressed? 
Risk Management: A third important component of risk management is planning proactive or reactive 
actions that can be taken to mitigate high-priority risks. Let’s bridge that next. 
1. How were source water risk management actions planned or identified? 
a. How many risks were considered for active management? 
2. What control indicators are used to help manage source water risks at your utility?   
a. What are the limitations of these indicators? 
3. How have you monitored and evaluated the effectiveness of ongoing management actions or 
control measures? 
c. How successful has this evaluation process been? 
4. What approaches have been used to address source water risks in areas that are not directly 
managed by your utility?  
a. Have you developed an outreach program to work with others in your watershed whose 
activities may contribute to source water protection or contamination?  
b. What is the level of authority/support from a regulatory standpoint? 
c. How well have these approaches worked for your utility? 
5. Have source water risk management activities been linked to other financial asset or risk 
management activities within your utility? 
6. How frequently is your risk management plan, program, or framework updated?  
a. What types of events might trigger an update to the plan, program, or framework? 
Implementation Experience: Finally, we’d like to learn about how this program worked for you over the 
long run. 




2. Roughly what percentage of the planned management actions have already been implemented? 
a. What specific components of the plan, program, or framework have been partially 
implemented or not yet implemented? 
3. From your perspective, what have been the general outcomes of your risk management plan, 
program, or framework? 
a. What have been the outcomes specifically for source water risks? 
b. How have these outcomes been evaluated and/or measured? 
c. How long did it take to achieve these outcomes? 
d. Do you have any specific examples of how your risk management plan avoided or 
mitigated a potential risk? 
4. What have been the biggest challenges to ongoing implementation of the plan, program, or 
framework? 
a. How have these challenges been addressed? 
5. What lessons did you learn from this experience generally?  
a. What did you learn specifically about source water risks?  
b. Are there things that you would do differently if you could do it again? 
Closing: To wrap up, your insight is invaluable as we work to identify and pilot a source water risk 
management program in the U.S.  
1. Is there anything else important for us to know about your experience with this program? 
Thank you for your help with our research! If we have any further questions, would it be okay for us to 




APPENDIX E: INPUT FROM PARTICIPATING UTILITY SURVEY USED TO DEVELOP EVALUATION 
CRITERIA WEIGHTING 
 
Table 33. Ranked criteria out of 12 multiple-choice options based on four participating utility responses to 
the baseline survey question, “How important are the following criteria to your utility when selecting a 
source water protection and management program?” 
Rank 
Sum1 
Multiple-Choice Response Matching Criteria (*weighted as higher priority) 
19 Allows documentation of data gaps  
1.b. References a strategy for coping with data gaps or 
uncertainties* 
18 
Resilience to uncertainties/data 
gaps  
1.b. References a strategy for coping with data gaps or 
uncertainties* 
17 Allows economic valuation of risk 
avoidance activities  
3.c. Considers multiple facets of risk (e.g., 
economic/financial, regulatory compliance, public health, 
customer relations and trust/utility reputation)* 
17 Distinguishes which risks should be 
actively managed  
3.a. Helps quantify or rank identified risks to source water 
(e.g., to define priorities based on likelihood and 
consequences)* 
16 Considers land use and other 
readily available data  
1.a. Relies on readily available, and/or readily obtained 
data 
16 Enhances risk communication with 
external parties  
5.c. Supports clarity in conveying risk-based information: 
(1) within the utility; (2) governing boards, public officials, 
and regulators; and (3) watershed stakeholders and the 
general public 
16 Flexibility/adaptability to different 
levels of resource availability  
1.e. Flexible/adaptable to low-to-modest budget or utility 
resources 
16 Integrates quantitative data and 
local knowledge  
3.a. Helps quantify or rank identified risks to source water 
(e.g., to define priorities based on likelihood and 
consequences) AND 2.d. Integrates local or cultural 
knowledge 
16 Provides examples/list of common 
hazards  
2.a. Provides examples/list of common hazards 
16 Promotes regular 
feedback/improvement cycles  
4.f. Incorporates regular feedback loops or quality 
improvement cycles 
14 Flexibility/adaptability to different 
types of watersheds  
1.f. Applicable to broad range of source water/watershed 
risks 
14 Offers advice for managing risks 
outside immediate control of utility  
4.e. Offers advice for managing risks outside immediate 
control of utility 
1Extremely important = 5, very important = 4, moderately important = 3, slightly important = 2, not at all important = 1; 
rank sum range = 4–20. 
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Table 34. Ranked criteria based on qualitative coding of three participating utility responses to the open-
ended baseline survey question, “Which other criteria, if any, are important to your utility when selecting a 
source water protection and management program?”  
Theme Frequency Matching Criteria (*weighted as higher priority) 
Cost 3 3.c. Considers multiple facets of risk (e.g., economic/financial, 
regulatory compliance, public health, customer relations and trust/utility 






3 4.c. Incorporates monitoring and evaluation strategies (e.g., for critical 
control points)* 
Effective 2 5.b. Beneficial outcomes have been previously demonstrated 
Reliable 2 5.b. Beneficial outcomes have been previously demonstrated 
Updated 1 4.f. Incorporates regular feedback loops or quality improvement cycles 
Health risks 1 5.b. Beneficial outcomes have been previously demonstrated 
Water quality 1 5.b. Beneficial outcomes have been previously demonstrated 
Limited 
staff/resources 
1 1.e. Flexible/adaptable to low-to-modest budget or utility resources 
Inform 
personnel 
1 5.c. Supports clarity in conveying risk-based information: (1) within the 
utility; (2) governing boards, public officials, and regulators; and (3) 
watershed stakeholders and the general public 
Long-term 
sustainability 
1 1.h. Sustainable over the long term/Trialable in the short term 




1 3.b. Uses sound science in quantifying/characterizing type and relative 
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